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ABSTRACT 
The outer membrane protein P5 from Haemophilus influenzae has been shown to aid 
colonization in the human nasopharynx by binding to CD66 (CEA) on the surface of mucosal 
epithelial cells. The intent here was to determine if Haemophilus parasuis contained 
homologs of the P5 and P2 proteins and to characterize these proteins by SDS-PAGE, IEF, 
and CEA binding. Using outer membrane protein P5 primers designed from the H. 
influenzae database, we were able to detect a single PCR product in a H. parasuis field 
isolate. The PCR product was transformed into a competent E. coli strain and sequenced. 
DNA sequence analysis revealed homology to the H. influenzae P5 protein. N-terminal 
sequencing was used to confirm the presence of a 32 kDa P5 protein in both virulent and 
avirulent reference strains. Immunoblots were performed with H. parasuis reference strains 
representing all serovars using a P5 monoclonal antibody. A 48 kDa protein was identified 
in all but one virulent reference strain, whereas a 55 kDa protein was identified in all but one 
non-virulent reference strain. The 48 and 55 kDa proteins were subsequently identified as P2 
by N-terminal sequencing. The outer membrane protein P5 from a Haemophilus parasuis 
field isolate (serovar 5) was fractionated by anion exchange and size-exclusion 
chromatography. The isolation of the pure P5 protein from the fraction was performed by 
elution from a polyacrylamide gel. Identification of the protein as P5 was determined by N-
terminal sequencing. The P5 protein was further characteized by isoelectric focusing (IEF). 
Using a CEA immunoblotting method, it was determined that the purified P5 protein did not 
bind CEA. However, CEA did bind to a P2 protein in all type strain serovars. The molecular 
weight of the P2 protein varied between the virulent and avirulent serovars suggesting that it 
X 
could potentially be used in discriminating between virulent and avirulent strains of H. 
parasuis. 
1 
CHAPTER 1. General Introduction 
1.1 Introduction 
In order for a pathogen to successfully infect a host, it must first establish itself or 
colonize in that host. In the case of a respiratory pathogen such as Haemophilus parasuis, 
the initial colonization event involves the attachment of the organism to respiratory epithelial 
cells. Unfortunately, very little is known about the mechanisms involved during the 
colonization of Haemophilus parasuis. The present thesis project identified two important 
colonization proteins: P2 and P5. These proteins were identified and characterized using 
both molecular-based and protein-based techniques. 
Since a great deal of information exists with regard to the colonization of 
Haemophilus influenzae, and the entire genome has been sequenced, the search for the H. 
parasuis colonization mechanisms began by searching for homology to the H. influenzae P5 
protein. A polymerase chain reaction (PCR) test was developed based on the published 
sequence of the Haemophilus influenzae P5 gene. The resultant PCR product was sequenced 
and homology was found. 
An immunoblot method was developed with a monoclonal antibody (4BF8) to the H. 
influenzae P5 protein. This technique was used to screen type strains from all fifteen H. 
parasuis serovars. Protein profiles were evaluated and trends were identified unique to the 
virulent and avirulent serovars. Subsequent N-terminal protein sequencing identified H. 
influenzae P2 protein as the variable protein in these profiles. 
Another immunoblot method was developed to assay the binding of human 
carcinoembryonic antigen (CEA) to the H. parasuis P2 and P5 interaction. This technique 
was also used to screen type strains from all fifteen H. parasuis serotypes. Protein profiles 
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from this method were in agreement with those from the monoclonal antibody immunoblot. 
Again, these profiles were unique to the virulent and avirulent serotype and it was 
determined that these differences were due to variabilities in the molecular weight of the P2 
protein. 
The H. parasuis P5 protein was purified from a virulent field isolate (serotype 5). 
The purified P5 was characterized by SDS-PAGE electrophoresis, N-terminal sequencing, 
and isoelectric focusing (IEF). Purity was determined by SDS-polyacrylamide 
electrophoresis. Interaction with the CEA antigen was determined with the CEA 
immunoblot technique. 
The fact that the P2 protein exists as a 48 kDa protein in virulent isolates and a 55 
kDa protein in avirulent isolates is indicative that it may play a role in virulence. This could 
potentially be used as a diagnostic for virulence. Once the P2 and P5 proteins are purified, 
their role as potential vaccine antigens could also be evaluated. Since they are outer 
membrane proteins and not capsule or lipopolysaccharide in origin, perhaps they could 
confer protection to all serotypes. 
1.2 Literature Review 
1.2.1 Description of the organism 
A gram-negative bacillus responsible for causing serofibrinous pleurisy, pericarditis, 
arthritis and meningitis in the serous exudates recovered from diseased pigs was first 
described by Classer in 1910. Subsequent research by Schermer and Ehrlich led to the 
isolation of the bacillus responsible for Classer's disease in 1922. Other researchers then 
found that they could experimentally induce the disease by intraperitoneal, intravenous, 
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subdural and intratracheal administration of the isolate (Little, 1970). While attempting to 
characterize the bacillus, it became clear that the organism was very similar to the previously 
identified Haemophilus suis which required both factor X (iron porphyrin) and factor V ((3-
nicotinamide adenine dinucleotide, or NAD) for growth (Lewis and Shope, 1931). However, 
Biberstein and White (1969) were able to determine that the Glâsser's disease organism did 
not require both factor X and factor V for growth. Instead, they were able to show that the 
Glâsser's organism only required one of these factors, factor V ((3-NAD). Based upon the 
naming rules for the Haemophilus species, organisms that do not require factor X for growth 
use the prefix "para", resulting in the final name of Haemophilus parasuis for the causative 
agent of Glâsser's disease. 
Haemophilus parasuis is a member of the family Pasteurellaceae. This family of 
coccoid to rod-shaped nonsporeforming, Gram-negative, non-motile, facultatively anaerobic 
bacteria includes the genera Actinobacillus, Haemophilus, and Pasteurella. These genera are 
unique in that they not only share morphology and growth conditions, but they are all found 
as normal flora of the upper respiratory tract or oral mucosa of humans and animals. 
Hybridization studies have been used to help determine the phylogeny of the family. For 
instance, DNA-DNA hybridization studies were used to determine that H. parasuis 
constitutes a homogenous group of genetically related bacteria because the DNA of most 
strains cross-hybridize at a level of 85% (Pohl, 1981; Morozumi et al., 1986), except for a 
serovar 5 strain (Nagasaki) that displayed a lower degree of relatedness (64%). Further 
comparisons between the 16S rRNA sequences of all V-factor dependent bacteria revealed 
that H. parasuis and Actinobacillus indolicus (Taxon F) were close relatives with similarities 
of 97.4% to 97.7% (Meller et al., 1996). Kielstein et al. (2001) confirmed this report while 
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evaluating the similarities of Actinobacillus minor, A. porcinus, A. indolicus, and H. parasuis 
by biochemical analysis and 16S rRNA sequencing. In addition, they were able to determine 
that A. indolicus and H. parasuis differed solely by two biochemical reactions; the 
production of indole and the production of acid from raffmose by A. indolicus. A 
comprehensive list of the biochemical characterizations performed by Keilstein et al., (2001) 
can be found in Table 1.1. 
H. parasuis can be described morphologically as a non-motile, non-hemolytic, NAO-
dependent, small, pleomorphic, Gram-negative rod (Biberstein and White, 1969). A study of 
morphological variations of H. parasuis by Morozumi and Nicolet (1986) using strains 
isolated from healthy and diseased pigs found that structural properties were varied between 
strains and isolation sites. Capsules were found in 12 of 32 H. parasuis strains and based on 
electrophoresis migration; they proposed that the capsular material was an acidic 
polysaccharide. All of the non-encapsulated strains displayed polymorphism with a distinct 
rod-like to filamentous morphology, unlike the coccobacillary for of capsulated strains. 
Moreover, a number of strains demonstrated the ability to undergo the mucoid-smooth-rough 
(M-S-R) variation, a feature that is well characterized in H. influenzae (Pittman, 1931). The 
report concluded that virulence is likely related to the capsular and outer structures of H. 
parasuis. 
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Table 1.1 Biochemical characterization of NAD-dependent members of the family 
Pasteurellaceae isolated from the upper respiratory tract of pigs (Kielstein et al., 2001) 
Tests A. minor A. porcinus A. indolicus H. parasuis 
V factor dependency + + + + 
Hemolysis 
- - - -
Camp Test 
- - - -
Nitrate reduction + + + + 
Urease + 
- - -
Catalase 
- -
+ + 
Indole production 
- -
+ 
-
ONPG + + + + 
Lysin decarboxylase 
- - - -
Ornithine Decarboxylase 
- - - -
Acid From 
Glucose + + + + 
Galactose + + + + 
Mannose + + + + 
Fructose + 
-
+ + 
Rhamnose 
- - - -
L-arabinose 
- - - -
Xylose 
-
+ 
- -
Sucrose + + + + 
Lactose + + - -
Trehalose d d 
- -
Maltose + + + + 
Mannitol 
-
+ 
- -
Sorbitol 
-
+ 
- -
Dulcitol 
- - - -
Inositol 
-
+ 
- -
Raffmose + + + 
-
Salicin 
- - - -
Esculin - - - -
+: positive reaction: negative reaction; d: different 
reaction 
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1.2.2 Serotyping 
The most commonly used method of serotyping Haemophilus parasuis is based on 
the scheme proposed by Kielstein and Rapp-Gabrielson in 1992. The KRG typing system 
uses agar gel precipitation and heat-stable antigens which undoubtedly include some 
proteins, capsular polysaccharide, and lipo-oligosaccharides. Using the KRG system, 15 
different serotypes or serovars have been identified. Two additional tests, an indirect 
hemagglutination test (IHA) and a coagglutination test (CA) have been proposed as 
alternative methods for serotyping H. parasuis isolates. Comparisons of the two methods 
demonstrated that the CA test was prone to cross-reactions while the IHA test seemed to be 
very specific (Del Rio et al., 2003). In fact, the IHA test was able to serotype 91% of the 
evaluated isolates compared to 63% for the KRG method. More recently, Tadjine et al. 
(2004) report the development of a new IHA test. The authors report that the test is the most 
rapid and effective serotyping method for H. parasuis. 
1.2.3 Epidemiology 
Haemophilus parasuis affects the swine population worldwide and is typically 
observed in pigs from 5 to 8 weeks of age, although it has been described in pigs from 2 
weeks to 4 months of age (Rubies et al., 1999). Infection can be acute or chronic, depending 
on the immunological status of the herd. Affected animals can show clinical signs of acute 
septicemia, and death can occur within 2 days post infection (Oliveira et al., 2001). In recent 
years, it has emerged as an important pathogen in swine, particularly in high health status or 
specific pathogen-free (SPF) herds. Its emergence is due to the failure of herd immunity to 
develop in the adult population of some herds and to the apparent possible 
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immunosuppression induced by other infectious agents (Harris, 2000). The lack of herd 
immunity is likely due to weaning pigs at less than 21 days of age, particularly in multi-site 
herds where outbreaks are commonly observed in the nursery or grower/finisher pigs. 
Serotyping has been the traditional method used in epidemiological studies of H. 
parasuis. In the United States, approximately 40% of the H. parasuis isolates are serotypes 4 
or 5; another 35% are serotypes 2, 12, 13, or 14; 15% are non-typable; and the remaining 
10% are the other 9 serotypes (Machines and Desrosiers, 1999). While the prevalence of the 
minor serotypes varies slightly from country to country, serotypes 4 and 5 are the most 
prevalent in Spain (Rubies et al., 1999), Japan (Morikoshi et al., 1990), Germany (Kielstein 
and Rapp-Gabrielson, 1992), and the United States (Kielstein and Rapp-Gabrielson, 1992). 
Australian isolates are primarily identified as serotypes 5 and 13 (Blackwell et al., 1996; 
Blackwell et al., 1997; Rafiee and Blackall, 2000). Differences in virulence have been 
observed between the different serotypes (Nielson, 1993; Rapp-Gabrielson et al., 1997). 
However, disagreement between these reports has caused confusion with regard to virulence. 
While the epidemiological studies have relied on serotyping to assess strain 
prevalence, it does have its limitations. Namely, all of the studies reported high percentages 
of non-typable H. parasuis isolates. Rafiee and Blackall (2000) were unable to serotype 41% 
of their isolates. The inability to serotype such large numbers of isolates has lead to the 
development of other identification methods. 
Most recently, Redondo et al. (2003) developed an assay using both polymerase 
chain reaction (PCR) and restriction fragment length polymorphism (RFLP) methods. The 
resultant method (PCR-RFLP) types H. parasuis strains by comparing the transferrin-binding 
protein (tbp) gene. Using type strains from the 15 different serotypes, a total of 12 different 
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banding patterns were observed. Using 101 clinical isolates, 33 different banding patterns 
were observed. Both of these observations lead to the conclusion that the sensitivity, 
typability, and high degree of discrimination make the PCR-RFLP method very useful for 
epidemiological studies of H. parasuis. 
An enterobacterial repetitive intergenic consensus-based PCR (ERIC-PCR) has been 
described by Rafiee et al. (2000). This method was used to characterize H. parasuis isolates 
from three herds and they were able to show that all isolates had identical genotypes 
suggesting a common organism as the source of the infection. This technique was used in 
association with serotyping by Oliviera et al. (2003) to characterize the diversity of H. 
parasuis field isolates. They found the ERIC-PCR technique to be better than serotyping for 
discriminating the broad genetic variety of the isolates. The major drawback to this 
technique is that it requires the use of pure cultures which is difficult with many field 
isolates. 
Yet another alternative to serotyping is multiple-locus enzyme electrophoresis 
(MEE). This technique was used by Blackall et al. (1997) to investigate the diversity of 40 
H. parasuis isolates from Australia. They were able to establish two MEE groups among the 
isolates although they did not find any association between the isolation site and the MEE 
patterns. 
Smart et al. (1988) used a restriction endonuclease fingerprinting (REF) technique to 
characterize H. parasuis isolates in SPF and conventional herds. They found that the 
conventional herds had a very diverse number of strains with only one strain common to the 
herds. However, the majority of the SPF herds had common H. parasuis strains. They used 
the same REF technique to study H. parasuis strains within a swine population presenting 
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enzootic H. parasuis strains (Smart et al., 1993) and found that isolates from systemic sites of 
diseased pigs differed from nasal cavity isolates of healthy pigs from the same population. 
1.2.4 Pathology and pathogenesis 
Glâsser's disease caused by H. parasuis is characterized by severe septicemia in 
which a large amount of pus accumulates in the brain, joints, and around the heart and lungs, 
resulting in severe pericarditis, pleuritis, arthritis, and meningitis (Harris, 2000). The 
organism can also cause acute septicemia and reports of endotoxin induced intravascular 
coagulation leading to the formation of microthrombi have also been reported (Peet et al., 
1983; Amano et al., 1994). 
H. parasuis is a commensal organism, routinely isolated from the upper respiratory 
tract of conventionally raised pigs (Oliveira et al., 2001) yet very little is known about its 
pathogenesis. What is known is that the organism affects the swine population worldwide 
and is typically observed in pigs from 5 to 8 weeks of age, although it has been described in 
pigs from 2 weeks to 4 months of age (Rubies, 1999). Because of the age that piglets are 
commonly affected, outbreaks could be caused when some pigs don't receive protective 
antibodies from colostrum or when the passively transferred antibodies are decaying. The 
source of the organism in such situations is apparently piglets that have been infected while 
nursing the sow. It is likely that the immune-suppression induced by a combination of both 
PRRS virus (PRRSV) and Mycoplasma hyopneumoniae enhances the severity and/or 
occurrence of Glâsser's disease (Harris, 2000; Segales et al., 1999). 
H. parasuis is spread by direct contact of infected pigs (Harris, 2000). It readily 
becomes established in the nasal cavity of the pig. H. parasuis tends to enter surgically 
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derived and high health status herds rather quickly (within months to a few years). In these 
situations, it is not known exactly how the organism is introduced. A hypothesis put forth by 
Pijoan (Lundeen, 2003) states that the reduction in the weaning age results in the 
colonization of only a few pigs with the pathogenic bacterial strains responsible for causing 
disease in the herd. These colonized pigs are healthy carriers of the pathogenic strains that 
later act as the source of infection for naive pigs in the nursery (Lundeen, 2003). 
Differences in virulence have been observed between the different serotypes and they 
have been used as an indication of virulence (Nielson, 1993; Kielstein and Rapp-Gabrielson, 
1992; Rapp-Gabrielson et al., 1997). In the Kielstein and Rapp-Gabrielson study (1992), 
serotypes 1,5, 10, 12, 13 and 14 caused death or morbidity within 4 days and were classified 
as very highly virulent. Serotypes 2, 4 and 15 caused polyserositis but not death and were 
classified as high virulence. The remaining serotypes were classified as low virulence as 
they did not produce clinical signs (3, 6, 7, 8, 9 and 11). They also looked at the prevalence 
of serotypes in field isolates and found that serovars 2, 4, 5, 12, 13 and 14 were commonly 
isolated from both respiratory and systemic sites. This was confirmed by Blackall et al. 
(1996) although they did find a number of non-typeable strains as well. 
Experimentally infected pigs show lethargy and an elevation on rectal temperature 
within sixteen hours of inoculation (Vahle et al., 1997). The animals also displayed swollen 
joints, mucopurulent discharge, lateral recumbency and death occurred between 84 and 108 
hours after inoculation. Lesions were observed as soon as 12 hours, accompanied by fluid in 
the pleural, pericardial and peritoneal cavities. By 36 hours, fibrin clots were also present in 
these cavities. In another study, Amano et al. (1997) looked at the hemotological aspects of 
H. parasuis infections. They found that severe leucopenia occurred within 24 hours as the 
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level of leukocytes and glucose decreased. Decreases in platelets, a prolongation of 
prothrombin time, and an increase of fibrinogen degradation were also observed. This 
resulted in the formation of microthrombi in the kidney, liver and lungs. Haemophilus 
parasuis and endotoxin were detected in the blood as early as 16 hours. The authors 
concluded that the coagulation and endotoxin shock were involved in the aggravation of 
clinical signs and death in septic H. parasuis infections. 
Table 1.2 The virulence of the Haemophilus parasuis serotypes Rubies et al. (1999) 
Serotype Very High Virulence High Virulence Low Virulence 
1 + 
2 + 
3 + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
10 + 
11 + 
12 + 
13 + 
14 + 
15 + 
1.2.5 Colonization and similarity to H. influenzae 
Haemophilus parasuis is considered to be an early colonizer of the mucosal flora of 
the pig (Maclnnes and Desrosiers, 1999; Calsamiglia et al., 1999). Although little is known 
about the pathogenesis of H. parasuis, two studies have shed some light on the sequence of 
events that follow intranasal inoculation of cesarean derived, colostrum deprived (CDCD) 
pigs (Vahle et al., 1995; 1997). These reports have demonstrated that H. parasuis associates 
with the nasal mucosa and can induce a suppurative rhinitis with nasal mucosal epithelial cell 
degradation. Amano et al. (1994) were able to show that H. parasuis could be isolated from 
the tonsil and nasal cavity after they experimentally inoculated pigs with serotypes 1, 4 and 5 
intranasally. Likewise, S égalés et al. (1997) were able to recover H. parasuis from both 
tonsil and tracheal swabs after experimentally infecting pigs intratracheally. Recently, 
Kirkwood et al. (2001) confirmed this report and went on to determine that H. parasuis was 
easier and more consistently recovered from nasal swabs. Further characterization of the 
interaction between the organism and other infectious agents has been reported by Solano et 
al. (1998). They hypothesize that when pigs are exposed to PRRSV, there is a marked 
decrease in the functional ability of porcine alveolar macrophages to kill H. parasuis through 
the release of superoxide anion, indicating a possible negative effect of the virus at the 
macrophage level. 
A number of other factors could also contribute to colonization. For instance, pili, 
capsulation, fimbrae, nutrient deprivation, and outer membrane proteins (OMP) have all been 
identified as colonization factors for another Pasteurellacae family member H. influenzae 
(Hardy et al., 2003). Biberstein (1990) analyzed several other Pasteurellacae members and 
also found these factors influence colonization. Therefore, it is likely that these factors 
influence the colonization of H. parasuis as well. 
During the characterization of the mucosal interaction of H. parasuis studies, it was 
noted that H. influenzae may produce similar changes in the pathogenesis of its infections in 
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humans (Vahle et al., 1997). In fact, H. influenzae has been shown to colonize intact ciliated 
epithelial cells and induce ciliostasis, loss of cilia, and epithelial cell degeneration in human 
nasopharyngeal tissue (Farley et al., 1986; Read et al., 1991; Stephens and Farley, 1991). 
Haemophilus influenzae has also been shown to break down epithelial cell tight junctions, 
invade between cells, and pass into the submucosa. Based on these findings, it has been 
hypothesized that H. parasuis associates with the mucosal layer of the nasal cavity and 
damages the mucosal epithelium, inducing inflammation by the release of one or more toxic 
compounds (Vahle et al., 1997). This cellular damage would compromise the mucosal 
barrier and lead to invasion and systemic spread of the infection. It would appear that 
Haemophilus parasuis has more in common with Haemophilus influenzae than simply a 
family name. 
The current picture of H. influenzae colonization has been summarized by St. Geme 
(1996) and Hardy et al. (2003). First, it is thought that the organism uses encapsulation to 
avoid desiccation when not associated with a host. Upon entry into a new host, the presence 
of the dense polysaccharide capsule necessitates that pili, which extend beyond the capsule, 
promote the initial binding event with the nasal mucosal epithelial cells. However, fibril-
mediated adherence may be critical for persistent colonization, perhaps because fibril binding 
is of higher affinity. Thus, over time, encapsulation is decreased and piliation turned off to 
allow for surface fibril interaction with the appropriate host cell structures. Other adhesion 
molecules then provide additional attachment or help the organism invade the submucosa, 
while other accessory molecules make entry into the host cell more efficient. 
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1.2.6 Virulence factors of H. parasuis and H. influenzae 
Very little is known about specific H parasuis virulence factors but many factors 
have been found in other species from the Haemophilus genus, such as H. influenzae, and 
these factors appear to be common among the members (Nicolet, 1990). Capsulation, pili, 
fimbrae, outer membrane proteins and secreted accessory molecules have all been implicated 
as virulence factors in both H. parasuis and H. influenzae. 
The presence or absence of a capsule as well as proteins profiles have been attributed 
to differences in virulence in H. parasuis, but these reports have been controversial (Nielson, 
1993; Rapp-Gabrielson et al., 1997). One report found that H. parasuis recovered from the 
upper respiratory tract of healthy pigs were capsulated while isolates from systemic sites 
were mostly non-encapsulated (Morozumi and Nicolet, 1986). However, Rapp-Gabrielson et 
al. (1992) reported that in vivo passages could select for capsulated clones and that 
capsulation is qualitatively reduced after in vitro passages. 
Haemophilus influenzae isolates are also characterized by the presence or absence of 
a capsule. Encapsulated strains express one of six structurally and antigenically distinct 
capsule, designated serotypes a-f. In contrast, non-capsulated strains can not be serotyped 
and are therefore classified as nontypeable (Hardy et al., 2003). Contrary to H. parasuis, the 
non-capsulated H. influenzae strains are clearly responsible for the majority of disease. 
Nutrient deprivation can be a key environmental factor affecting the expression of 
virulence factors during infection. This, in turn, may have implications for pathogenesis. 
O'Reilly and Niven (2003) investigated whether or not the levels of NAD in extracellular 
body fluids could be growth limiting for H. parasuis. After determining NAD levels in 
plasma, tissue fluids, and washings they concluded that the NAD supply in the respiratory 
15 
tract is not growth-limiting. However, they note that it may become limiting if the organism 
is disseminated. 
Hill et al. (2003) searched for virulence genes in H. parasuis using a molecular 
approach known as differential display RT-PCR. Gene expression was evaluated following 
growth in conditions chosen to approximate those found in the upper respiratory tract of the 
pig. They found that seven different differentially expressed gene fragments could be 
identified. The most strongly up-regulated genes were homologs of fadD (fatty acyl-CoA 
synthetase), apaH (diadenosine tetraphosphatase), pstl (enzyme I of the 
phosphoenolpyruvate-protein phosphotransferase system), and cysK (cysteine synthetase). 
Sequences homologous to all of the differentially expressed genes were detected in the 
reference strains of all 15 H. parasuis serotypes. 
Protein profiles have been analyzed by a number of groups looking for differences in 
virulence in H. parasuis. Nicolet et al. (1980) found that pathogenic H. parasuis isolates 
displayed a major protein at 37 kDa. They classified these isolates as polyacrylamide gel 
electrophoresis (PAGE) type II. Isolates that lacked this specific protein were classified as 
PAGE I. Two reports looked at both pathogenic strains and normal nasal isolates (Morozumi 
and Nicolet, 1986; Morikoshi et al., 1990). They found that nearly all of the pathogenic 
strains were PAGE II while the majority of the normal nasal isolates were PAGE I. 
Subsequent reports using experimentally infected pigs did not agree with these reports. 
Rosner et al. (1991) and Kielstein et al. (1992) reported that most pathogenic isolates were 
classified as PAGE I. Ruiz et al. (2001) used both OMP and DNA profiles to compare H. 
parasuis isolates from diseased and healthy pigs recovered from systemic or respiratory sites. 
They concluded that the homogeneity of OMP and DNA profiles of strains isolated from 
systemic sites strongly suggested the existence of clonal relationships between virulent 
strains and also that the expression of certain OMP profiles may be related to virulence. 
A further corroboration of the existence of unique proteins or protein groups that 
identify virulent H. parasuis isolates was recently described by Oliveira and Pijoan (2004). 
The authors used a computer-based analysis method to compare the whole-cell protein 
profiles of H. parasuis field isolates. This method generated a dendogram clustering of two 
major groups (PAGE type I and PAGE type II). The PAGE type II isolates were 
characterized by the presence of major proteins in the 36 to 38 kDa molecular weight range 
and included 90.7 % of the infectious, systemic isolates. The PAGE type I isolates were 
characterized by the absence of the 36 to 38 kDa proteins and included 83.4% of the isolates 
recovered from healthy animals. 
Many outer membrane proteins have been identified and characterized in H. 
influenzae including; surface-exposed high molecular weight proteins (HMW1 and HMW2), 
Hia, HAP, OapA, and the major outer membrane proteins (PI, P2, P4, P5, and P6). The most 
abundant major outer membrane protein is P2. The P2 protein is a porin and is strongly 
immunogenic (Hansen et al., 1988). Surface exposed regions of P2 vary greatly in sequence 
and this antigenic drift allows the organism to evade immune clearance contributing to the 
development of chronic infection (Duim et al., 1994; Duim et al., 1996; Smith-Vaughan et 
al., 1997). Synthetic peptides of these surface exposed regions have also been shown to 
activate the mitogen-activated protein kinase (MAPK) cascade (Galdiero et al., 2003). The 
P5 protein is another major outer membrane protein which is heat modifiable and shares 
significant homology with OmpA from E. coli (Munson et al., 1989; Munson et al., 1993; 
Munson and Granoff, 1985). Like P2, the surface exposed regions of the P5 protein are 
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variable from one strain to another and this variability is proposed to help the organism evade 
the immune response (Duim et al., 1997; Webb and Cripps, 1998; Novotny et al., 2000). In 
fact, a recent report indicates that region 4 of P5 contains a highly immunodominant but 
nonprotective epitope which dampens the immune response to a subdominant but protective 
epitope in region 3 (Novotny and Bakaletz, 2003). In addition, P5 has been shown to bind a 
member of the carcinoembryonic antigen family, CE AC AMI (CD66), and P5-expressing 
strains are capable of efficient adherence to CHO cells expressing CEACAM1, whereas PS-
deficient strains demonstrated minimal adherence (Viiji et al., 2000). A recent report 
demonstrating immunosuppression by a Neisseria gonorrhoeae opacity protein when bound 
to CE AC AMI speculated that the observed immunosuppression is likely similar in H. 
influenzae (Boulton and Gray-Owen, 2002). 
Other accessory proteins have been identified in H. influenzae that may or may not be 
membrane proteins. These accessory proteins have been identified as having a role in 
infection and while homologous proteins have yet to be described in H. parasuis, the proteins 
are generally considered to be potential virulence factors in the Pasteurellacae family. Many 
of these accessory proteins have been well characterized including; an IgA protease, a 
Haemophilus adhesion protein (Hap), an Opacity associated protein A (OapA), and a 
neuraminidase. 
The IgAl protease is commonly found in Gram-negative organisms and is believed to 
undergo a process known as autosecretion (Jose et al., 1995). The signal sequence of the 
protease directs export across the bacterial inner membrane and is then cleaved. 
Subsequently, the remainder of the protein inserts into the outer membrane allowing for 
translocation of the protease and its alpha domain into the extracellular space. Ultimately, 
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the protease domain gains catalytic activity and cleaves within the alpha domain, releasing 
itself from the surface of the organism (Qui et al., 1998). 
The H. influenzae Hap protein promotes intimate interaction with human epithelium 
(St. Geme et al., 1994). It was originally identified on the basis of its ability to confer a 
capacity for in vitro attachment and invasion when expressed in a nonadherent, noninvasive 
laboratory strain of H. influenzae. Hap shares significant sequence homology with the IgAl 
proteases of H. influenzae and Neisseria gonorrhoeae and undergoes autosecrection as well 
(Qui et al., 1998). Recent evidence indicates that attachment to host cells is a function of the 
Hap preprotein before the autoproteolytic cleavage. 
While neither of these proteins have yet been described in H. parasuis, Vahle et al. 
(1997) demonstrated that H. parasuis was responsible for suppurative rhinitis lesions, the 
loss of cilia and acute swelling in the nasal and tracheal mucosa. This observation led the 
authors to speculate that these alterations may help the organism gain access to the blood 
stream. They also suggested that a soluble toxin may be responsible for the cellular damage. 
This suggests that the potential soluble toxin is homologous to the H. influenzae IgA protease 
or Hap proteins. 
Neuraminidase proteins have been described in both H. parasuis and H. influenzae as 
well as in many other Pasteurellacae family members (Lichensteinger and Vimr, 1997; 
Diven et al., 1988). The neuraminidase protein is considered to be a virulence factor 
contributing to the cleavage of carbohydrates from host cells and proteins. While the 
organism uses these cleaved carbohydrates for nutrition, the removal of the carbohydrates 
from the host cells and proteins may provide sites for colonization or invasion and interfere 
with the host immune response (Corfield, 1990). 
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OapA, which is responsible for the transparent-colony phenotype of H. influenzae, 
has been also shown to mediate attachment to Chang epithelial cells (Prasadarao et al., 1999). 
In fact, a recombinant form of the protein (rOapA), was able to bind directly to epithelial 
cells. Although it was originally described in the transparent-colony phenotype, further 
investigation has shown that the OapA protein is conserved in all strains (Prasadarao et al., 
1999). However, its true role in colonization has not been characterized. 
The expression of fibril structures have been observed in H. parasuis after numerous 
in vivo passages (Munch et al., 1992). While fibril-mediated adherence is thought to be 
critical for persistent colonization of other Haemophilus organisms, it does not seem to be 
required for H. parasuis infection (Nicolet, 1990). 
1.2.7 Antigenic variation 
Selected bacterial surface structures or proteins undergo antigenic variation as a 
means of survival in the host (Murphy, 1994). The variation is an irreversible process that 
involves the substitution, deletion or addition of amino acids in immunodominant regions of 
the protein. In some cases, the antigenic variation appears to be the consequence of 
horizontal gene transfer from another organism. These changes in amino acid sequence 
result in subtle differences that affect the protein structure subsequently preventing the 
recognition of these proteins by previously generated host antibodies. A number of outer 
membrane proteins from members of the Haemophilus genus have been identified as such, 
including proteins from; H. influenzae, H. somnus, H. ducreyi and H. parasuis (Hardy et al., 
2003; Tagawa et al., 2000; Roggen et al., 1992; Zucker et al., 1996). 
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Of the four species mentioned above, the variability of the outer membrane proteins 
of H. influenzae, specifically P2 and P5, are by far the best characterized. In fact, the P2 
protein has been shown to be highly variable in both size and amino acid sequence by a 
number of researchers (Bell et al., 1994; Sikkema and Murphy, 1992; Forbes et al., 1992). In 
addition, variation in P2 sequence occurs within a clonal population during the course of 
infection and at a very high frequency (Duim et al., 1994). The changes are linked to the 
surfaced-exposed loops of the porin protein and are primarily found in loops 5 and 6. These 
loops appear at the carboxy terminal end of the protein and the changes have been shown to 
render the original host antibodies ineffective (Duim et al., 1996). Smith Vaughn et al. 
(1997) studied the variation in Aboriginal infants concluding that the antigenic variation in 
P2 occurs by horizontal transfer of ompP2 from other strains. 
Like the P2 protein, the H. influenzae P5 protein is believed to be a (3-barrel (Munson 
et al., 1993). An schematic representation (Figure 1.1) of the P5 protein in the membrane has 
been published by Webb et al. (1998). The P5 protein has been shown to be variable in 
patients during the course of infection and during chronic infection (Groeneveld et al., 1988). 
These authors concluded that the variation suggests that P5 is an important target of the 
immune response. Duim et al. (1997) studied the nucleic acid sequences of five different 
strains with seven P5 variants recovered from persistent infection (Figure 1.2). They found 
that point mutations and codon deletions were associated with persistent infection and they 
were able to determine the distribution of the sequence diversity. Interestingly, the mutations 
and deletions were attributed to the surface-exposed loop regions similar to the P2 protein. 
Other surface proteins also show significant variation in amino acid sequence among 
the genus. The variability is likely the result of spontaneous mutation perhaps in 
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combination with horizontal exchange of large segments of DNA (Hardy et al., 2003). 
Examples include PI, IgA protease, HxuA, the high molecular weight adhesins, the Hia 
adhesin and the Hif pilus subunits. 
Figure 1.1 The H. influenzae P5 protein structure as proposed by Webb et al. (1998) 
Reprinted with permission of the Society for General Microbiology 
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Figure 1.2 The distribution of sequence diversity among H. influenzae isolates from Duim et 
al. (1997). 
Nucleotides Variable Sites 
Surface-exposed regions 1-4 and 
corresponding nucleotide 
position 
1 to 30 
31 to 60 
61 to 90 •• 
91 to 120 ••• 
121 to 150 
151 to 180 Loop 1 127-174 
181 to 210 ••••• 
211 to 240 •• 
241 to 270 •••• 
271 to 300 
301 to 330 Loop 2 285-315 
331 to 360 • 
361 to 390 
391 to 420 
421 to 450 •••• 
451 to 480 Loop 3 433-492 
481 to 510 ••• 
511 to 540 
541 to 570 
571 to 600 
601 to 630 Loop 4 580-621 
631 to 660 •••• 
661 to 690 
691 to 720 
721 to 750 •• 
751 to 780 
781 to 810 
811 to 840 • 
841 to 870 • 
871 to 900 •• 
901 to 930 
931 to 960 •• 
961 to 990 •• 
991 to 1020 • 
1021 to 1050 
1051 to 1080 
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1.2.8 Diagnosis 
The signs of Classer's disease are extremely characteristic, and usually a diagnosis 
can be made without submission to a laboratory (Harris, 2000). However, the disease can be 
confused with a polyserositis disease caused by Mycoplasma hyorhinis. Haemophilus 
parasuis requires an external source of NAD for growth so isolation and growth of the 
organism is routinely performed by culturing clinical samples on blood agar with a nurse 
Staphylococcus aureas culture, NAD supplemented media or chocolate agar (Segales et al., 
1997). It has been shown that the isolation and microbiological culture of H. parasuis can be 
difficult due to the fastidious growth rate of the bacteria, which can be aggravated by 
previous antibiotic treatment of infected animals (Oliveira et al., 2001). These factors can 
impair accurate diagnosis, even if lesions are characteristic. Nonetheless, microbiological 
culture, and biochemical tests are the current standard for diagnosis. 
A number of other diagnostic tests are also available. For instance, pigs produce 
antibodies to H. parasuis that are detectable by a complement fixation (CF) test, although 
these tests have yet to be proven successful. In fact, most of the serological based 
diagnostics tests have been shown to be inconsistent or inaccurate. Like the CF test, an 
indirect hemagglutination test (IHA) and an enzyme-linked immunosorbent assay (ELISA) 
are considered unreliable for diagnosis (Miniats et al., 1991). Haemophilus parasuis has 
been successfully diagnosed with an immunohistocemistry (IHC) method (Amano et al., 
1994). However, Segales et al. (1997) found that the polyclonal antibodies used with the 
IHC method could cross-react with Actinobacillus pleuropneumoniae. 
Nucleic acid based diagnostics have recently been described and are quickly 
becoming popular due to their specificity and sensitivity. For instance, an Enterobacterial 
Repetitive Intergenic Consensus PGR (ERIC-PCR) has been described for the fingerprinting 
of the different strains and isolates (Rafiee et al., 2000). The gene sequence of the 16S small 
subunit ribosomal RNA has also been successfully used in a PGR to diagnose H. parasuis 
infections (Oliveira et al., 2001). 
1.2.9 Treatment and control 
Although commercially available vaccines do exist, they are not protective for all of 
the different serotypes (Harris, 2000). This is due to the extreme diversity of the serotypes, 
the increasing numbers of non-typeable isolates and the antigenic variation of the outer 
membrane proteins. However, one recent report claims to have made an effective, cross-
protective vaccine that was evaluated under laboratory and field conditions (Takahashi et al., 
2001). Until this can be confirmed, it is safe to say that it is extremely difficult to prevent the 
introduction of H. parasuis to the herd, especially since it is not known exactly how the 
organism enters it. 
A number of vaccine strategies have been attempted in the battle to control H. 
parasuis-induced Glâsser's disease. These vaccine development attempts are similar to those 
employed with other organisms in that they have concentrated on the use of outer membrane 
proteins, lipopolysaccharides (LPS) or capsular polysaccharides. The first successful vaccine 
trials was published by Smart et al. (1989). They were able to demonstrate the effectiveness 
of a trivalent II parasuis vaccine in four-week-old, weaned, SPF piglets. The vaccine 
contained three field strains of H. parasuis isolated from clinically ill pigs. Miniats et al. 
(1991) confirmed this study while also using a trivalent vaccine. However, in a similar 
study, Smart et al. (1993) compared a commercial vaccine with an autogenous vaccine and 
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found that the genotype of the isolates from the clinically ill pigs, although identical to each 
other, were different from the commercial product. Subsequent use of the autogenous 
vaccine lead to a decrease in the mortality rate of the herd. 
Miniats et al. (1991) investigated the humoral immune response in pigs vaccinated 
against H. parasuis. Using western blot techniques, they were able to show that protection 
against challenge was associated with antibodies to the outer membrane proteins and not to 
the antibodies against LPS or capsular polysaccharides. In addition, they were able to 
demonstrate that serotypes 1 through 7 shared some antigenic determinants but these 
determinants were not associated with protection from challenge. 
This was an interesting observation and it points to the significance of the inability of 
one vaccine to be cross-protective to all serotypes. A report by Rapp-Gabrielson et al. (1997) 
also came to the same conclusion. They found that different strains from the same serotype 
differed in their ability to protect against challenge even though they had identical LPS and 
outer membrane protein profiles. Takashi et al. (2001) supported these findings when they 
reported they had found a lack of cross-protection with serotypes 2 and 5 although they were 
able to show protection with different strains of the same serotype which contrasted the 
Rapp-Gabrielson et al. (1997) report. In yet another study, vaccinated pigs were 
experimentally challenged with either a homologous or heterologous challenge model (Bak 
and Riising, 2002). Results of this study demonstrated that pigs were protected against 
homologous challenge and partial protection was observed with heterologous challenge. 
Treatment of infected pigs typically involves penicillin, linomycin, or oxytetracyline 
(Harris, 2000). However, antibiotic treatment may be ineffective due to the fastidious nature 
of the organism. 
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At present, the use of commercial or autogenous bacterins in both sows prior to 
farrowing and in the growing piglets is the best method of control of Glâsser's disease. 
Furthermore, maintaining a herd free ofPRRSV, Mycoplasma hyopneumoniae, and other 
respiratory pathogens will likely decrease the severity of Glâsser's disease (Harris, 2000). 
1.2.10 Association with "suis-ide" and other pathogens 
In addition to H. parasuis, two other organisms have emerged as important pathogens 
in swine: Actinobacillus suis, and Streptococcus suis. Their association with a wide range of 
serious clinical conditions has given rise to the moniker "suis-ide diseases" (Machines and 
Desrosiers 1999). These organisms are also considered early colonizers, and for that reason 
they are difficult to control by management procedures such as segregated early weaning. 
Vaccination, sérodiagnostic testing, and even serotyping are complicated by the presence of 
multiple serotypes, cross-reactive antigens, and the absence of clear markers for virulence. 
A great deal of interest in the interaction between H. parasuis and other pathogens 
has resulted in a number of studies designed to examine how the organism is influenced by 
these other pathogens. The interaction of H. parasuis and the PRRS virus was first 
evaluated by Solano et al. (1997). They were able to determine that the challenging PRRS 
infected pigs with H. parasuis did not increase the incidence or severity of bacterial 
polyserositis. Further characterization lead them to hypothesize that when pigs are exposed 
to PRRSV, there is a marked decrease in the functional ability of porcine alveolar 
macrophages to kill H. parasuis through the release of superoxide anion, indicating a 
possible negative effect of the virus at the macrophage level (Solano et al., 1998). Segales et 
al. (1998) used the same co-infection model to analyze porcine alveolar macrophages 
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(PAMs) and found that these cells displayed increased numbers of phagosomes and 
phagolysosomes. Despite the increased numbers of these cellular organelles, no increase in 
actual phagocytosis was observed. The same group used a immunohistochemical approach 
to determine the distribution of PRRS virus in co-infected pigs and determined that was no 
difference in distribution or localization between singularly or co-infected animals (Segales 
et al. 1999). 
Two other investigations have been reported that studied the co-infection interactions; 
one with Pseudorabies virus (PRV), and another survey of pigs with symptoms of 
postweaning multisystemic wasting syndrome (PMWS). Using serotype 4, Narita et al. 
(1994) studied the development of pneumonia in pigs infected with PRV. They found that 
the PRV antigen was associated with necrotic foci and in some instances, the necrotic foci 
were surrounded by a large accumulation of H. parasuis antigen leading them to conclude 
that the presence of PRV destroyed the epithelial cells allowing H. parasuis to more readily 
infect the lungs of the pigs. In the survey of pigs with PMWS, Kim et al. (2002) analyzed the 
prevalence of pigs that were infected with dual pathogens. In 85% of the cases (113), dual 
infection was found. Of the 113 cases, 43 (32%) were due to the combination of porcine 
circoviras 2 (PCV-2) and H. parasuis making it the most prevalent combination. The 
combination of PCV-2 and PRRSV was second most prevalent (39 cases, 29%), while PCV-
2 and Actinobacillus pleuropneumoniae was third (38 cases, 29%). 
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CHAPTER 2. IDENTIFICATION OF P5 AND P2 COLONIZATION 
PROTEINS IN Haemophilus parasuis 
A paper to be submitted to Infection and Immunity 
Jerry K. McVicker, Louisa B. Tabatabai, Muriel van Schilfgaarde 
Abstract 
The outer membrane protein P5 from Haemophilus influenzae has been shown to aid 
colonization in the human nasopharynx by binding to CD66 on the surface of mucosal 
epithelial cells. The intent here was to determine if Haemophilus parasuis contained a 
homolog of the P5 protein. Using outer membrane protein P5 primers designed from the H. 
influenzae database, we were able to detect a single PCR product in a H. parasuis field 
isolate. The PCR product was transformed into a competent E. coli strain and sequenced. 
DNA sequence analysis revealed homology to the H. influenzae P5 protein. N-terminal 
sequencing was used to confirm the presence of a 32 kDa P5 protein in both virulent and 
avirulent reference strains. Immunoblots were performed with H. parasuis reference strains 
representing all serovars using a P5 monoclonal antibody. A 48 kDa protein was identified 
in all but one virulent reference strain, whereas a 55 kDa protein was identified in all but one 
non-virulent reference strain. The 48 and 55 kDa proteins were subsequently identified as P2 
by N-terminal sequencing. 
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Introduction 
Haemophilus parasuis is a Gram-negative, nonhemolytic, nicotinamide adenine 
dinucleotide (NAD)-dependent bacterium. It is the causative agent of Glâsser's disease and 
is characterized by severe septicemia in which a large amount of pus accumulates in the 
brain, joints, and around the heart and lungs, resulting in severe pericarditis, pleuritis, 
arthritis, and meningitis (11). This disease affects the swine population worldwide and is 
typically observed in pigs from 5 to 8 weeks of age, although it has been described in pigs 
from 2 weeks to 4 months of age (25). Infection can be acute or chronic, depending on the 
immunological status of the herd, and affected animals typically present clinical signs of 
acute septicemia, and death can occur within 2 days post infection (3, 21, 22). 
In recent years, H. parasuis has emerged as an important pathogen in swine, 
particularly in high health herds (14). Its emergence may be due to an inadequate 
development of herd immunity in the adult population or to immunosuppression induced by 
other infectious agents (11). Inadequate herd immunity is observed more frequently in multi-
site herds and may be the result of inadequate passive transfer of protective antibodies from 
the dam's colostrum (11). The source of the organism in such situations is apparently piglets 
that have been infected while nursing the sow. Immunosuppression is likely induced by a 
combination of both PRRS virus (PRRSV) and Mycoplasma hyopneumoniae. (11, 26). 
Vaccination, sérodiagnostic testing, and even serotyping are complicated by the presence of 
multiple serotypes, cross-reactive antigens, and the absence of clear markers for virulence. 
Haemophilus parasuis is considered to be an early colonizer of the mucosal flora of 
the pig (3, 14). Although very little is known about the pathogenesis of H. parasuis, two 
studies have recently been described that shed some light on the sequence of events that 
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follow intranasal inoculation of cesarean-derived, colostrum-deprived (CDCD) pigs (31, 32). 
These reports have demonstrated that Haemophilus parasuis associates with the nasal 
mucosa and can induce a suppurative rhinitis with nasal mucosal epithelial cell degradation. 
Further characterization of the interaction between the organism and its host has been 
reported by Solano et al. (28). These authors hypothesize that when pigs are exposed to 
PRRSV, there is a marked decrease in the functional ability of porcine alveolar macrophages 
to kill H. parasuis through the release of superoxide anion, indicating a possible negative 
effect of the virus at the macrophage level. 
During the characterization of the mucosal interaction of Haemophilus parasuis 
studies, it was noted that Haemophilus influenzae may produce similar changes in the 
pathogenesis of its infections in humans (32). In fact, H. influenzae has been shown to 
colonize intact ciliated epithelial cells and induce ciliostasis, loss of cilia, and epithelial cell 
degeneration in human nasopharyngeal tissue (7, 24, 29). Haemophilus influenzae has also 
been shown to break down epithelial cell tight junctions, invade between cells, and pass into 
the submucosa. Based on these findings, it has been hypothesized that H. parasuis associates 
with the mucosal layer of the nasal cavity and damages the mucosal epithelium, inducing 
inflammation by the release of one or more toxic compounds (32). This cellular damage 
would compromise the mucosal barrier and lead to invasion and systemic spread of the 
infection. 
The current picture of nontypeable H. influenzae colonization has been summarized 
by St. Geme and Hardy (30, 10). The fundamental step in the process involves adherence to 
the epithelial surface. Based on experiments in organ culture, nontypeable H. influenzae 
adheres preferentially to nonciliated cells and to areas of damaged epithelium. A number of 
bacterial proteins influence adhesion including; pili, surface-exposed high molecular weight 
proteins (HMW1 and HMW2), Hia, HAP, OapA, and the major outer membrane proteins 
(PI, P2, P4, P5, and P6). 
The most abundant major outer membrane protein is P2. The P2 protein is a porin 
and is strongly immunogenic (9). Surface exposed regions of P2 vary greatly in sequence 
and this antigenic drift allows the organism to evade immune clearance contributing to the 
development of chronic infection (5, 6, 27). Synthetic peptides of these surface exposed 
regions have also been shown to activate the mitogen-activated protein kinase (MAPK) 
cascade (8). 
The P5 protein is another major outer membrane protein which is heat modifiable and 
shares significant homology with OmpA from E. coli (15-17). Like P2, the surface exposed 
regions of the P5 protein are variable from one strain to another and this variability is 
proposed to help the organism evade the immune response (4, 34, 20). In fact, a recent report 
indicates that region 4 of P5 contains a highly immunodominant but nonprotective epitope 
which dampens the immune response to a subdominant but protective epitope in region 3 
(19). In addition, P5 has been shown to bind a member of the carcinoembryonic antigen 
family, CE AC AMI (CD66), and P5-expressing strains are capable of efficient adherence to 
CHO cells expressing CEACAM1, whereas P5-deficient strains demonstrated minimal 
adherence (33, 12). A recent report demonstrating immunosuppression by a Neisseria 
gonorrhoeae opacity protein when bound to CE AC AMI speculated that the observed 
immunosuppression is likely similar in H. influenzae (2). 
The objectives of this study were i) to demonstrate the presence of a P5-like protein 
homolog in H. parasuis; ii) to demonstrate its presence in the 15 type strains of H. parasuis-, 
and iii) to determine its N-terminal sequence. Due to the cross-reactivity of the anti-P5 
monoclonal antibody, another colonization protein, P2, was also identified. 
Materials and Methods 
Bacterial strains. Sixteen Haemophilus parasuis strains were studied. Fifteen of the strains 
were reference strains obtained from Richard Ross (College of Veterinary Medicine, Iowa 
State University, Ames, la). The remaining strain was a field isolate (serotype 5) from the 
lung of an infected piglet kindly provided by Vicki Rapp-Gabrielson (Shering-Plough, 
Omaha, Ne). The anatomic and geographic origins of these strains are reported in Table 1 
(adapted from 13). Strains were grown on Gasman agar, supplemented with 5% horse serum 
(Gibco-BRL, Carlsbad, Ca), and overlaid with 0.016% NAD (Sigma Chemical Co., St. 
Louis, Mo.) using 5% CO2 at 37°C. Colonies were selected and grown in a liquid media 
consisting of Freys medium (Sigma Chemical Co., St. Louis, Mo.) supplemented with 20% 
horse serum (Gibco-BRL, Carlsbad, Ca) and 0.016% NAD (Sigma Chemical Co., St. Louis, 
Mo.). Strains were stored in this media with 10% glycerol at -80°C. Haemophilus 
influenzae strains dl (P5 positive) and d2 (P5 negative), which are isolates from sputum 
samples of a single patient with chronic bronchitis, were also used (5). The H. influenzae 
strains were cultured in BUI with 10 |ig/ml haemin (x-factor) and 10 |J.g/ml NAD. Outer 
membrane protein fractions were prepared as described earlier (5). The Haemophilus 
influenzae DNA (25 ng/jxl) used as a control was kindly provided by Michael Apicella 
(University of Iowa, Iowa City, la). 
PCR. The field isolate (IA84-29755) was used for PCR. Briefly, one loopful was scraped 
off the plate and added to 50 |xl of sterile 0.85% saline. Primers were designed to correspond 
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to conserved sequences of the H. influenzae P5 gene (Accession U32796) as identified in an 
earlier report (4). The position of the first 5 ' base of the forward primer P5.1.1 
(GC AATCGC ATTAGTAGTTGCTGG) corresponded to position 13 of accession U32796. 
The position of the first 5' base of the reverse primer P5.1r 
(GCTTACAACTTCAGGTGCTGC) corresponded to position 687. 
The PCR mixture contained primers (0.1 p,g each), AmpliTaq polymerase (1.25U) 
(Applied BioSytems, Foster City, Ca), and 4 p.1 of the isolate. This mixture (25 jj.1) was 
added to EasyStart 50 tubes (Molecular BioProducts, San Diego, Ca). The PCR consisted of 
a long first denaturation step (2 min at 94°C); 40 cycles each of 30 sec of denaturation at 
94°C, 1 min of annealing at 45°C, and 1.5 min of elongation at 72°C; and then a 10 min final 
elongation step (GenAmp 2400; Perkin-Elmer, Norwalk, Conn.). 
PCR products were analyzed by agarose gel electrophoresis for 75 min at a constant 
voltage (75 V). Gels contained 1% agarose (FMC, Rockland, Me) in TBE buffer (pH 8.0) 
(89 mM Tris, 89 mM borate, 2.5 mM EDTA) and ethidium bromide (0.05 jo.g/100 ml (Sigma 
Chemical Co., St. Louis, Mo). 
DNA sequencing. PCR products were transformed using a pBAD kit (InVitrogen, Carlsbad, 
Ca). Plasmids from successful transformants were purified by using a plasmid QIAprep Spin 
Miniprep kit (Qiagen, Valencia, Ca). Nucleotide sequences were determined by the Iowa 
State University DNA Sequencing and Synthesis Facility using and ABI Prism 377 
sequencer (Applied Biosystems, Foster City, Ca). Sequence homologies were determined by 
using the BLAST server of the National Center for Biotechnology Information (1). 
SDS-PAGE and immunoblotting. Samples were boiled for 5 minutes in a SDS treatment 
buffer consisting of 62.5 mM Tris, 10% glycerol, 5% 2-mercaptoethanol, 1 % SDS, and 
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0.001% bromophenol blue prior to electrophoresis through 4-12% gradient SDS-
polyacrylamide gels (InVitrogen, Carlsbad, Ca). Gels were stained with Coomassie Brilliant 
Blue R250 or transferred electophoretically to 0.45-pm nitrocellulose (Schleicher and 
Schuell, Keene, N.H.) or polyvinyledene diflouride (PVDF) (Millipore, Billerica, Ma) for 
immunoblotting. Immunoblots were blocked with 0.25% fish gelatin in wash buffer 
consisting of 1.5 mM KH2PO4, 20 mM NazHPO^ 125 mM NaCl, 3 mM KC1, 0.05% Tween-
20 (pH 7.2). For the blots aimed at detecting P5, the blocked membranes were incubated 
with 1:5,000 dilutions of anti-P5 monoclonal antibody (4BF8), and 1:5,000 dilutions of 
rabbit anti-mouse IgG horseradish peroxidase-labeled (Jackson ImmunoResearch, West 
Grove, Pa) sequentially. For the blots aimed at detecting recombinant protein expression, the 
blocked membranes were incubated with 1:5,000 dilutions of horseradish peroxidase labeled 
anti-V5 monoclonal antibody (InVitrogen, Carlsbad, Ca). Blots were developed with 3,3',5, 
5 ' -tetramethylbenzidine (TMB) (Kirkegaarde and Perry Labs, Gaithersburg, Md) as the 
substrate. 
Protein sequencing. Following SDS-PAGE, gels were blotted electrophoretically to PVDF 
(Millipore, Billerica, Ma) and stained with Coomassie Brilliant Blue R250. Bands were 
excised from the PVDF and sequenced with a model 494 Procise protein/peptide sequencer 
(Applied Biosystems, Foster City, Ca) at the Iowa State University Protein Facility. 
Sequence homologies were determined by using the BLAST server of the National Center 
for Biotechnology Information (1). 
Monoclonal antibody. The cross reactive monoclonal antibody (4BF8) used here has been 
described earlier (4). It has been shown to react with several variants of P5 suggesting that it 
does not react with the variable surface exposed loops. 
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Results 
Identification of P5 with H. influenzae primers. PCR assay using the H. influenzae 
primers amplified a fragment of about 650 bp from DNA of the control H. influenzae. This 
is consistent with the expected 674 bp size based on accession U32796. The fragment from 
the H. parasuis field isolate was approximately 550 bp. While this was approximately 100 
bp smaller than the H. influenzae band, only one band was observed indicating that only one 
fragment had been amplified (Figure 2.1). 
The PCR products were inserted into a pBAD plasmid and transformed into 
compotent E. coli for recombinant protein expression. DNA sequence analysis was used to 
select colonies with in-frame primer sequences and these colonies were induced with 
arabinose to express recombinant protein. 
Immunobloting with anti-V5 monoclonal antibody revealed that the H. influenzae 
transformant was expressing a 28 kDa recombinant protein. Two protein bands were 
observed with the H. parasuis transformant, one at 19 kDa and another at 14 kDa. 
Additionally, DNA sequencing was performed on the plasmids isolated from both the 
H. influenzae and H. parasuis transformants (Figure 2.2). A search for homology with the H. 
parasuis transformant using the BLAST server found a 90% identity homology to H. 
influenzae P5 (accession U32796). Likewise, the H. influenzae transformant homology was 
found to have an 83% identity. 
Identification of PS and P2 by N-terminal sequencing. Two of the H. parasuis type 
strains, one virulent (SV2) and one avirulent (SV3), and the H. influenzae dl outer 
membrane protein preparation were analyzed by SDS-PAGE and blotted to PVDF (Figure 
2.3). Protein bands that were identified with the P5 monoclonal antibody were excised from 
a separate Coomassie Brilliant Blue stained PVDF and the N-terminal sequence of each band 
was determined. Six bands were observed with the immunoblot, indicating that the 
monoclonal was cross-reactive to other membrane proteins. A total of five protein bands 
were sequenced, two from the H. parasuis SV2 (virulent strain), two from the H. parasuis 
SV3 (avirulent strain), and one from the P5 positive H. influenzae strain dl. Homology 
searches with the BLAST server found that 32 kDa protein bands from both of the H. 
parasuis strains were homologous to H. influenzae P5 protein (Table 2.2.). However, the P5 
band from the H. influenzae dl strain was found to be 48 kDa. Other reports have estimated 
the molecular weight of the H. influenzae P5 protein to be 35 kDa after boiling (15-17). 
Identity to P2 was also found in both H. parasuis strains although at different molecular 
weights. The P2 protein from the virulent strain (SV2) was 48 kDa, whereas the P2 protein 
from the avirulent strain (SV3) was 55 kDa. Another report has estimated the molecular 
weight of the H. influenzae P2 protein to range from 36 to 42 kDa (18), while in this study it 
was found to be 55 kDa. 
Immunoblot of all type strains. All of the 15 H. parasuis type strains and the H. influenzae 
dl and d2 strains were analyzed by SDS-PAGE and blotted to PVDF. The anti-P5 
monoclonal antibody (4BF8) was used to detect P5 proteins (Figure 2.4). Bands were found 
in all of the samples tested. Interestingly, a pattern was observed with the bands. All 
virulent type strains, except SV4, displayed a 48 kDa band. Likewise, all avirulent type 
strains, except SV7, displayed a 55 kDa band. Subsequent N-terminal protein sequencing 
revealed that the bands were not due to P5 reactivity, but rather the anti-P5 monoclonal 
antibody recognized P2. Thus the monoclonal antibody was not monospecific for P5, but 
rather cross-reacted with the P2. 
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Discussion 
The aims of this study were to identify a H. parasuis homologue to the H. influenzae P5 
protein, to demonstrate its presence in the 15 type strains of H. parasuis-, and to determine its 
N-terminal sequence. Due to the observation of that the anti-P5 monoclonal antibody cross-
reacted with another membrane protein, the P2 protein was also identified. 
While characterizing mucosal interactions with H. parasuis, a previous study 
demonstrated that the pathogenesis is similar to that of H. influenzae (32). Knowing that the 
initial colonization of H. influenzae is aided by the presence of outer membrane proteins like 
P5, the aims of this study were to identify a H. parasuis homolog to the P5 protein, to 
demonstrate its presence in all 15 type strains, and to determine the N-terminal sequence. 
Using PCR primers designed from the regions of the H. influenzae P5 sequence that 
displayed little variability, a single product was obtained using the H. parasuis virulent field 
isolate (IA84-29755). Although the PCR product was 100 bp smaller than the product of the 
H. influenzae control, only a single product was obtained. Subsequent sequence analysis 
found that the PCR product was homologous to H. influenzae P5. 
Outer membrane preparations of two of the H. parasuis type strains, one virulent and 
one avirulent, were probed with a anti-P5 monoclonal antibody. Using the monoclonal, two 
bands were observed in each of the type strains. N-terminal sequences analysis of these 
proteins resulted in the identification of both P5 and P2. Interestingly, the P2 protein in the 
avirulent type strain (SV3) was at 55 kDa, while the P2 protein in the virulent type strain 
(SV2) was 48 kDa. The P5 protein was also identified in both type strains at 32 kDa. If the 
P5 protein is indeed helpful to the initial colonization of the organism, it's identification in 
both virulent and avirulent strains would not be expected. In a large study performed on 98 
H. parasuis isolates, it was observed that most of the virulent isolates shared a 36-38 kDa 
protein (21, 23). Although the protein was not characterized, it could be the P5 protein 
identified here. 
Immunoblots of all 15 of the H. parasuis type strains with the anti-P5 monoclonal 
resulted in the identification of a single band at either 48 or 55 kDa. When summarizing the 
results it was observed that the 55 kDa protein was present in the avirulent type strains 
(except SV7),whereas the 48 kDa protein was present in the virulent strains (except SV4). 
This protein was subsequently identified as being homologous to H. influenzae P2. 
These data confirm the presence of P5 and P2 proteins in H. parasuis. The 
difference in apparent molecular weight of the P2 protein in virulent and avirulent type 
strains certainly warrants additional studies. Perhaps the difference is due to variable protein 
regions within the protruding loops of the protein as have been described in H. influenzae (5, 
6, 27). Additional studies are also planned to examine if the P5-like protein binds CEACAM 
as it does in H. influenzae. 
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Table 2.1 Bacterial Strains 
Serovar Reference3 Country of Diagnosis/ Virulence15 
strain Origin isolation site 
Reference Strains 
1 No. 4 Japan Healthy/nose H 
2 SW140 Japan Healthy/nose L 
3 SW114 Japan Healthy/nose A 
4 SW124 Japan Healthy/nose L 
5 Nagasaki Japan S epticemia/meninges H 
6 131 Switzerland Healthy/nose A 
7 174 Switzerland Healthy/nose A 
8 C5 Sweden Unknown L 
9 D74 Sweden Unknown A 
10 H367c Germany Unknown H 
11 H465 Germany Pneumonia/trachea A 
12 H425 Germany Polyserositis/lung H 
13 84-17975 United States Unknown/lung H 
14 84-22113 United States Unknown/joint H 
15 84-15995 United States Pneumonia/lung L 
Field strain 
5 IA84-29755 United States Unknown/lung H 
a Reference strain information and virulence scores obtained from reference 13. 
b Virulence designations: H, high virulence; L, low virulence; A, avirulent. 
c H367 is a field strain with the same characteristics as the original reference strain H555. 
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Table 2.2. N-terminal sequences and identity of bands from Figure 2.3. 
Band 
(Figure 2.3) 
MW 
(kDa) 
Source Sequence Identity3 
a 
b 
c 
d 
e 
f 
g 
32 
48 
55 
32 
48 
32 
55 
H. influenzae dl 
H. influenzae dl 
H. influenzae dl 
H.parasuis SV2 
(virulent) 
H.parasuis SV2 
(virulent) 
H.parasuis SV3 
(avirulent) 
H.parasuis SV3 
(avirulent) 
APQENTFYAGV H. influenzae P5 
APQENTFYA H. influenzae P51 
AVVYNNEGTKV H. influenzae P2' 
APQANSFYVGAKAG H. influenzae P51 
ATVYENEGTKV H. influenzae P2' 
APQANSFYVGAKAGD H. influenzae P51 
ATVYENEGTKV H. influenzae P2' 
"BLAST server of the National Center for Biotechnology Information (Altshul et al., 1997) 
b Accession number AAC22819 
c Accession number AAL14331 
55 
1 2  3  
600 
500 
400 
300 
Figure 2.1 Identification of P5 with H. influenzae primers. PCR amplification of H. 
influenzae DNA (lanes 1 and 2), and H. parasuis serotype 5 field isolate IA84-29755 (lane 3) 
with H. influenzae primers as described in the text.. Lane 4, is a 100-bp standard ladder. 
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1 GCTTACAACTTCAGGTGCTGCTGCAACTGGTGCTGCACCTTGACCAAAGC 50 
51 GATATGAAATACCTGCGGTCACAGAATGAGAATCTGGGCTATAGTTGTAA 100 
101 GTTGCTCTACGATTCTCTTTCGCTTCAGCTTTAGTGAAGTTACCTACATT 150 
151 GCTCAACCATTGATATTCAACACGGAAAGCTAATTCAGGAAGAATCGCAT 200 
201 ACTCAACACCTGCACCTAATACTAAAGAGGTTTTTAAGTTATGAGCTTTT 250 
251 TGAGTTTGCACTCCAGCTGTTTGGCTATAACGTTTGTAATCGTTACGAAC 300 
301 TAATGCAGCACCTGAAGTTGTAAGCAAGGGCGAGCTTGAAGGTAAGCCTA 350 
351 TCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTACCGGTCATCATCAC 400 
401 CATCACCATTGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGA 450 
451 GAGAAGATTTTCAGNCCTGATACAGATTAAATCAGAACCGCAGAAGCGG 500 
501 GTCTGATAAAACAGAATTTGCCTGGCCGGCAGTAGCGCCGGTGGGTCCCAC 551 
Figure 2.2. Nucleotide sequence of P5 transformant. Nucleotide 1 is the beginning of the H. 
parasuis insert in the pBAD plasmid. The underlined sequence corresponds to the P5. lr 
primer. 
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g 
c  
^ 4* 
T 
A 
47.4 
36.1 
25J 
19.0 
14.5 
6.1 
Figure 2.3. Anti-P5 (4BF8) immunoblot of H. influenzae and two H. parasuis reference 
strains. Lanes: 1, H. influenzae dl (P5 positive strain); 2, H. parasuis serotype 3, strain 
SWl 14 (avirulent); 3, H. parasuis serotype 2, strain SWl40 (virulent). Whole cell proteins 
were separated with a 4-12% SDS-PAGE gel, blotted to nitrocellulose, and probed with anti-
PS monoclonal antibody (4BF8) as described in the text. Molecular weights of the standards 
is indicated in kilodaltons. 
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Figure 2.4. Anti-P5 (4BF8) immunoblot of H influenzae strains dl and d4 and all 15 H. 
parasuis reference strains (SV1-SV15) focusing on the 47.4 to 60.7 kDa molecular weight 
range. Whole cell proteins were separated with a 4-12% SDS-PAGE gel, blotted to PVDF, 
and probed with anti-P5 monoclonal antibody (4BF8) as described in the text. 
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CHAPTER 3. CHARACTERIZATION OF A P5 PROTEIN AND THE TARGETED 
BINDING OF CARCINOEMBRYONIC ANTIGEN (CEA) TO P2 IN in Haemophilus 
parasuis 
A paper to be submitted to Infection and Immunity 
Jerry K. McVicker, Louisa B. Tabatabai 
Abstract 
The outer membrane protein P5 from a, Haemophilus parasuis field isolate (serovar 5) 
was fractionated by anion exchange and size-exclusion chromatography. The isolation of the 
pure P5 protein from the fraction was performed by elution from a polyacrylamide gel. 
Identification of the protein as P5 was determined by N-terminal sequencing and MALDI-
TOF. The P5 protein was further characterized by isoelectric focusing (IEF). Using a CEA 
immunoblotting method, it was determined that the purified P5 protein did not bind CEA. 
However, CEA did bind to a P2 protein in all type strain serovars. The molecular weight of 
the P2 protein varied between the virulent and avirulent serovars suggesting that it could 
potentially be used in discriminating between virulent and avirulent strains of H. parasuis. 
Introduction 
A number of species from the genus Haemophilus are known to colonize the 
respiratory tracts of their hosts. Haemophilus parasuis, the causative agent of Classer's 
disease, is one these species. It has emerged as a very important pathogen, especially in high 
health herd status pigs, yet very little is known about its pathogenesis. What is known is that 
the organism affects the swine population worldwide and is typically observed in pigs from 5 
to 8 weeks of age, although it has been described in pigs from 2 weeks to 4 months of age 
(34). Infection can be acute or chronic, depending on the immunological status of the herd. 
Affected animals can show clinical signs of acute septicemia, and death can occur within 2 
days post-infection (30). Because of the age that the piglets are commonly affected, 
outbreaks could be caused when some pigs don't receive protective antibodies from 
colostrum or when the passively transferred antibodies are decaying. The source of the 
organism in such situations is apparently piglets that have been infected while nursing the 
sow. In addition, outbreaks may occur when piglets are immunosuppressed by other 
pathogens such as the PRRS virus (PRRSV), Mycoplasma hyopneumoniae or porcine 
circovirus 2 (PCV-2) (13, 36, 17). 
Serotyping has been the traditional method used in epidemiological studies of H. 
parasuis (29). The most commonly used method of serotyping is the scheme proposed by 
Kielstein and Rapp-Gabrielson (KRG) in 1992. The KRG typing system uses agar gel 
precipitation and heat-stable antigens which undoubtedly include some proteins, capsular 
polysaccharide, and lipopolysaccharides. A total of 15 different serotypes have been 
identified with this system. In the United States, approximately 40% of the H. parasuis 
isolates are serotypes 4 or 5; another 35% are serotypes 2, 12,13, or 14; 15% are non-
typeable; and the remaining 10% are the other 9 serotypes (18). While the prevalence of the 
minor serotypes varies slightly from country to country, serotypes 4 and 5 are the most 
prevalent in Spain (34), Japan (20), Germany (15), and the United States (15). Differences in 
virulence have been observed between the different serotypes (29, 32). 
Haemophilus parasuis is considered to be an early colonizer of the mucosal flora of 
the pig (4, 18). Although little is known about the initial colonization events, Vahle et al. 
(39, 40) were able to determine that H. parasuis associates with the nasal mucosa and 
induces a suppurative rhinitis with resultant mucosal epithelial cell degradation. In fact, the 
authors noted that Haemophilus influenzae produces similar changes in humans. This is an 
interesting observation given the fact that more is known about the colonization events in H. 
influenzae. For instance, pili, capsulation, fimbrae, and outer membrane proteins (OMP) 
have all been identified as colonization factors in H. influenzae (12). 
The role of outer membrane proteins in colonization and virulence is of particular 
interest to this study. Protein profiles have been analyzed by a number of groups looking for 
differences in virulence in H. parasuis. Nicolet et al. (26) found that pathogenic H. parasuis 
isolates displayed a major protein at 37 kDa. They classified these isolates as 
polyacrylamide gel electrophoresis (PAGE) type II. Isolates that lacked this specific protein 
were classified as PAGE I. Two reports looked at both pathogenic strains and normal nasal 
isolates (20, 21). They found that nearly all of the pathogenic strains were PAGE II while 
the majority of the normal nasal isolates were PAGE I. However, reports by Rosner et al. 
(33) and Kielstein et al. (16) did not agree with these observations. In fact, they found that 
most pathogenic isolates were classified as PAGE I. Ruiz et al. (35) used both OMP and 
DNA profiles to compare H. parasuis isolates from diseased and healthy pigs recovered from 
systemic or respiratory sites. They concluded that the homogeneity of OMP and DNA 
profiles of strains isolated from systemic sites strongly suggested the existence of clonal 
relationships between virulent strains and also that the expression of certain OMP profiles 
may be related to virulence. 
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A further corroboration of the existence of unique proteins or protein groups that 
identify virulent H. parasuis isolates was recently described by Oliveira and Pijoan (31). The 
authors used a computer-based analysis method to compare the whole-cell protein profiles of 
H. parasuis field isolates. This method generated a dendogram clustering of two major 
groups (PAGE type I and PAGE type II). The PAGE type II isolates were characterized by 
the presence of major proteins in the 36 to 38 kDa molecular weight range and included 90.7 
% of the infectious, systemic isolates. The PAGE type I isolates were characterized by the 
absence of the 36 to 38 kDa proteins and included 83.4% of the isolates recovered from 
healthy animals. 
Many outer membrane proteins have been identified and characterized in H. 
influenzae including; surface-exposed high molecular weight proteins (HMW1 and HMW2), 
Hia, HAP, OapA, and the major outer membrane proteins (PI, P2, P4, P5, and P6). The most 
abundant major outer membrane protein is P2. The P2 protein is a porin and is strongly 
immunogenic (11). Surface exposed regions of P2 vary greatly in sequence and this 
antigenic drift allows the organism to evade immune clearance contributing to the 
development of chronic infection (6, 7, 38). Synthetic peptides of these surface exposed 
regions have also been shown to activate the mitogen-activated protein kinase (MAPK) 
cascade (9). The P5 protein is another major outer membrane protein which is heat 
modifiable and shares significant homology with OmpA from E. coli (23, 24). Like P2, the 
surface exposed regions of the P5 protein are variable from one strain to another and this 
variability is proposed to help the organism evade the immune response (5, 41, 28). In fact, a 
recent report indicates that region 4 of P5 contains a highly immunodominant but 
nonprotective epitope which dampens the immune response to a subdominant but protective 
epitope in region 3 (27). In addition, P5 has been shown to bind a member of the 
carcino embryonic antigen family, CE AC AMI (CD66), and P5-expressing strains are capable 
of efficient adherence to CHO cells expressing CEACAM1, whereas P5-deficient strains 
demonstrated minimal adherence (41). A recent report demonstrating immunosuppression 
by a Neisseria gonorrhoeae opacity protein when bound to CE AC AMI speculated that the 
observed immunosuppression is likely similar in H. influenzae (3). 
The variability of the P2 and P5 proteins of H. influenzae have been well 
characterized. The P2 protein has been shown to be highly variable in both size and amino 
acid sequence by a number of researchers (2, 8, 25, 37). In addition, variation in P2 sequence 
occurs within a clonal population during the course of infection and at a very high frequency 
(6). The changes are linked to the surfaced-exposed loops of the porin protein and are 
primarily found in loops 5 and 6. These loops appear at the carboxy terminal end of the 
protein and the changes have been shown to render the original host antibodies ineffective 
(7). 
Like the P2 protein, the H. influenzae P5 protein is believed to be a (3-barrel (23). An 
schematic representation of the P5 protein in the membrane has been published by Webb et 
al. (42). The P5 protein has been shown to be variable in patients during the course of 
infection and during chronic infection (10, 14). These authors concluded that the variation 
suggests that P5 is an important target of the immune response. Duim et al. (5) studied the 
nucleic acid sequences of five different strains with seven P5 variants recovered from 
persistent infection. They found that point mutations and codon deletions were associated 
with persistent infection and they were able to determine the distribution of the sequence 
diversity. Interestingly, the mutations and deletions were attributed to the surface-exposed 
loop regions similar to the P2 protein. 
Given the similarities that exist between members of the genus Haemophilus, the 
intent here was to characterize the P2 and P5 proteins in Haemophilus parasuis. Specifically, 
the objectives of this study were to purify the P5 protein using traditional chromatographic 
techniques and to characterize it by N-terminal sequencing, IEF, and MALDI-TOF. In 
addition, we sought to determine the interaction between the P2 and P5 proteins with 
carcinoembryonic antigen (CEA) by developing an immunoblot method. 
Materials and Methods 
Bacterial strains. Sixteen Haemophilus parasuis strains were studied. Fifteen of the strains 
were reference strains obtained from Richard Ross (College of Veterinary Medicine, Iowa 
State University, Ames, la). The remaining strain was a field isolate (serotype 5) from the 
lung of an infected piglet kindly provided by Vicki Rapp-Gabrielson (Shering-Plough, 
Omaha, Ne). The anatomic and geographic origins of these strains were reported by 
McVicker and Tabatabai (19). Strains were grown on Gasman agar, supplemented with 5% 
horse serum (Gibco-BRL, Carlsbad, Ca), and overlaid with 0.016% NAD (Sigma Chemical 
Co., St. Louis, Mo.) using 5% CO2 at 37°C. Colonies were selected and grown in a liquid 
media consisting of Freys medium (Sigma Chemical Co., St. Louis, Mo.) supplemented with 
20% horse serum (Gibco-BRL, Carlsbad, Ca) and 0.016% NAD (Sigma Chemical Co., St. 
Louis, Mo.). Strains were stored in this media with 10% glycerol at -80°C. Haemophilus 
influenzae strains dl (P5 positive) and d2 (P5 negative), which are isolates from sputum 
samples of a single patient with chronic bronchitis, were also used (6). The H. influenzae 
strains were cultured in BHI with 10 (ig/ml haemin (x-factor) and 10 gg/ml NAD. Outer 
membrane protein fractions were prepared as described earlier (6). The Haemophilus 
influenzae DNA (25 ng/pl) used as a control was kindly provided by Michael Apicella 
(University of Iowa, Iowa City, la). 
Anion exchange and size exclusion chromatography. The H. parasuis serovar 5 field 
isolate (IA84-29755) was sonicated for 5 minutes on ice, using a Branson sonicator (Branson 
Ultrasonics Corp., Danbury, CT) equipped with a microtip. The supernatant was recovered 
after centrifugation at 4,000xg for 20 minutes and dialyzed against 12.5 mM N-
tris[hydroxymethyl]methyl-3-aminopropanesulfonic acid (TAPS), 10 mM NaCl, 0.05% 3-
[(3-Cholamidopropyl)Dimethyl-Ammonio]-l-Propanesulfonate (CHAPS), pH 8.5. The 
dialyzed supernatant was applied to a Quartenary Methyl Amine (QMA) anion exchange 
matrix (Millipore, Billerica, Ma). Fractions were collected and monitored by absorbance at 
280 nm. Bound proteins were eluted with a gradient elution to 12.5 mM TAPS, 400 mM 
NaCl, 0.05% CHAPS, pH 8.5. Fractions were analyzed by immunoblotting with the anti-P5 
monoclonal antibody and pooled based on reactivity. The pooled fractions were then applied 
to a Sephacryl-100 HR matrix (Pharmacia, Uppsala, Sweden). Again, fractions were 
collected and monitored by absorbance at 280 nm as well as by immunoblotting with the 
anti-P5 monoclonal antibody. 
Extraction of P5 from polyacrylamide gel. After purification by the QMA and Sephacryl-
100 HR matrices, fractions were pooled and applied to an 4-12% SDS-PAGE gel 
(InVitrogen, Carlsbad, CA). The 32 kDa P5 protein band was cut from the gel and minced 
into smaller pieces. The minced pieces were placed in a Nanosep 100 kDa centrifugal device 
and 0.5 ml of elution buffer (125 mM Tris with 0.5% SDS, pH 6.9) was added. The device 
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was centrifuged at 8,000xg for 20 minutes. The filtrate was recovered and a second elution 
was performed. Again, the filtrate was collected and added to the filtrate from the first 
elution. The pooled filtrate was concentrated using a 3 kDa centrifugal concentrator 
(Millipore, Billerica, Ma) and analyzed for purity by sodium dodecyl polyacrylamide gel 
electrophoresis (SDS-PAGE) and immunoblotting. 
Protein determination. The protein concentrations were determined using a bicinchoninic 
acid reagent kit (Pierce, Rockford, II) according to the manufacturer's protocol. Bovine 
serum albumin (Pierce, Rockford, II) was used as the standard. 
SDS-PAGE and immunoblotting. Samples were boiled for 5 minutes in a SDS treatment 
buffer consisting of 62.5 mM Tris, 10% glycerol, 5% 2-mercaptoethanol, 1% SDS, and 
0.001% bromophenol blue prior to electrophoresis through 4-12% gradient SDS-
polyacrylamide gels (InVitrogen, Carlsbad, Ca). Gels were stained with Coomassie Brilliant 
Blue R250 or transferred electophoretically to 0.45-|im polyvinyledene diflouride (PVDF) 
(Millipore, Billerica, Ma) for immunoblotting. Immunoblots were blocked with 0.25% fish 
gelatin in wash buffer consisting of 1.5 mM KH2PO4, 20 mM NazHPO^ 125 mM NaCl, 3 
mM KC1, 0.05% Tween-20 (pH 7.2). For the blots aimed at detecting P5, the blocked 
membranes were incubated with 1:5,000 dilutions of anti-P5 monoclonal antibody (4BF8), 
and 1:5,000 dilutions of rabbit anti-mouse IgG horseradish peroxidase-labeled (Jackson 
ImmunoResearch, West Grove, Pa) sequentially. For the blots aimed at detecting 
recombinant protein expression, the blocked membranes were incubated with 1:5,000 
dilutions of horseradish peroxidase labeled anti-V5 monoclonal antibody (InVitrogen, 
Carlsbad, Ca). The membranes were washed between steps by rotating with 0.05% Tween 
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20 in PBS. Blots were developed with 3,3',5, 5'-tetramethylbenzidine (TMB) (Kirkegaarde 
and Perry Labs, Gaithersburg, Md) as the substrate. 
Protein sequencing. Following SDS-PAGE, gels were blotted electrophoretically to PVDF 
(Millipore, Billerica, Ma) and stained with Coomassie Brilliant Blue R250. Bands were 
excised from the PVDF and sequenced with a model 494 Procise protein/peptide sequencer 
(Applied Biosystems, Foster City, Ca) at the Iowa State University Protein Facility. 
Sequence homologies were determined by using the BLAST server of the National Center 
for Biotechnology Information (1). 
Carcinoembryonic antigen (CEA) immunoblot. SDS-PAGE gels were transferred 
electophoretically to 0.45-pm PVDF (Millipore, Billerica, Ma) for immunoblotting. 
Immunoblots were blocked with 0.25% fish gelatin in wash buffer consisting of 1.5 mM 
KH2PO4, 20 mM Na2HP04, 125 mM NaCl, 3 mM KC1, 0.05% Tween-20 (pH 7.2). The 
blocked membranes were incubated with 0.5 (xg/ml CEA (BioDesign, Saco, Me) diluted in 
block buffer. The membranes were washed by rotating with 0.05% Tween 20 in PBS. After 
washing, the membranes were incubated with a polyclonal goat anti-CEA (BioDesign, Saco, 
Me) diluted 1:25,000 in block buffer. After washing again, the membranes were incubated 
with a horse-radish peroxidase labeled, polyclonal mouse anti-goat IgG (Jackson 
ImmunoResearch, West Grove, Pa) diluted 1:10,000 in block buffer. After another washing 
step, the blots were developed with 3,3',5, 5'-tetramethylbenzidine (TMB) (Kirkegaarde and 
Perry Labs, Gaithersburg, Md) as the substrate. 
Isoelectric focusing. The purified P5 protein was subjected to isoelectric focusing using a 
Novex IEF system, pH 3-10 (InVitrogen, Carlsbad, Ca). The gel was run for one hour at 100 
V, one hour at 200 V, and finally 500 V for 30 minutes. Fixing was accomplished with 
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sulphosalicylic acid and TCA for 30 minutes followed by Coomassie R-250 staining. The 
gel was destained until clarity was achieved. 
Mass spectrometry. The purified P5 protein was analyzed by matrix-assisted laser 
desorption ionization-time of flight (MALDI-TOF) using a ThermoBioanalysis Dynamo 
(AmphoTec Ltd., Beverly, Ma) at the Iowa State University Protein Facility for molecular 
weight analysis. 
Monoclonal antibody. The cross reactive monoclonal antibody (4BF8) used here has been 
described earlier (5). It has been shown to react with several variants of P5 suggesting that it 
does not react with the variable surface exposed loops. 
Results 
Purification of P5. Using the QMA anion exchange method with an equilibration buffer of 
12.5 mM TAPS, 10 mM NaCl, 0.05% CHAPS, pH 8.5 resulted in the fractionation of the 
higher pi proteins, including the P5. The optimum resolution was achieved with a load rate 
of 2.5 mg of total protein per ml of QMA resin. At this rate, the P2 protein was observed in 
the unbound fraction while the P5 protein bound to the QMA matrix and was eluted with a 
gradient of NaCl equivalent to 150 mM. An additional purification step utilizing size 
exclusion chromatography was employed. However, the use of the Sephacryl 100-HR matrix 
did not result in the isolation of pure P5. Instead, the P5 protein was repeatedly co-purified 
with a 60 kDa protein identified by N-terminal sequencing as an immunoglobulin heavy 
chain variable region (Figure 3.1). Isolation of the pure P5 protein was only achieved by 
excising the 32 kDa band from an SDS-PAGE gel and extracting it using ultrafiltration 
techniques (Figure 3.2). 
Identification of P5 and P2 by N-terminal sequencing. Two of the H. parasuis type 
strains, one virulent (SV2) and one avirulent (SV3), and the H. influenzae dl outer 
membrane protein preparation were analyzed by SDS-PAGE and blotted to PVDF. Protein 
bands that were identified with the P5 monoclonal antibody were excised from a separate 
Coomassie Brilliant Blue-stained PVDF and the N-terminal sequence of each band was 
determined. A total of five protein bands were sequenced, two from the H. parasuis SV2 
(virulent strain), two from the H. parasuis SV3 (avirulent strain), and one from the P5 
positive H. influenzae strain dl. Homology searches with the BLAST server found that 32 
kDa protein bands from both of the H. parasuis strains were homologous to H. influenzae P5 
protein (Table 3.2). However, the P5 band from the H. influenzae dl strain was found to be 
48 kDa. Other reports have estimated the molecular weight of the H. influenzae P5 protein to 
be 35 kDa after boiling (22-24). Identity to P2 was also found in both H. parasuis strains 
although at different molecular weights. The P2 protein from the virulent strain (SV2) was 
48 kDa, whereas the P2 protein from the avirulent strain (SV3) was 55 kDa. Other reports 
have estimated the molecular weight of the H. influenzae P2 protein to range from 36 to 42 
kDa (12), while in this study it was found to be 55 kDa (McVicker and Tabatabai, 2004). 
Physical characterization of purified P5. SDS-PAGE analysis of the purified P5 protein 
showed a single band by Coomassie blue staining (Figure 3.2). The molecular weight of the 
band was 32 kDa and was identified as P5 by N-terminal sequencing. Isoelectric focusing 
produced a pi of 5.5 for the native protein Figure 3.3). Immunoblotting with the protein and 
the monoclonal anti-P5 antibody also resulted in the identification of a single band of 32 kDa 
(Figure 3.4). 
CEA immunoblot. The purified P5 protein as well as type strains from all 15 serovars were 
assayed with the CEA immunoblot method in order to assess their ability to bind with the 
CEA protein (Figure 3.7). CEA binding was observed in all of the type strains. 
Interestingly, a pattern was observed with the binding. A 48 kDa protein from all of the 
virulent type strains, except SV4, bound to the CEA. Likewise, a 55 kDa H. parasuis protein 
from all of the avirulent type strains, except SV7, bound to the CEA. Subsequent N-terminal 
protein sequencing revealed that the 48 and 55 kDa proteins from the H. parasuis type strains 
were homologous to a H. influenzae P2 protein. No interaction was found with the H. 
parasuis P5 protein. Even the purifed P5 protein did not bind the CEA (Figure 3.8). 
Discussion 
This report describes the purification and characterization of a P5 protein in 
Haemophilus parasuis as well as the development of a CEA immunoblot method to 
determine if CEA binds any of the membrane proteins. 
In a previous study (19), a P5 protein was identified in H. parasuis homologous to the 
P5 protein in H. influenzae. One of the aims of this study was to purify the P5 protein from 
the outer membrane of a virulent H. parasuis field isolate. The theoretical pi of the P5 and 
P2 proteins were determined using published sequences (H. influenzae accession numbers 
NP438308 and U32796) and the Expasy Molecular Biology Server prior to any attempt at 
purification. The pi's were found to be 9.0 and 9.5 for the P2 and P5 proteins respectively. 
The high pi values were consistent with membrane proteins and allowed for their separation 
with anion exchange chromatography using an equilibration buffer with a pH near the pi of 
the P2 protein. While the P2 and P5 proteins could be separated with the anion exchange 
method, a number of other proteins were co-purified with the P5 protein. Further purification 
was accomplished by size exclusion chromatography. However, the P5 protein could not be 
isolated by itself with this method either. In order to obtain a pure P5 protein, it was 
separated electrophoretically and excised, then eluted from the gel. The purified P5 protein 
was analyzed by SDS-PAGE for purity and a single band was found at 32 kDa. The band 
was identified as P5 by N-terminal sequence analysis and homology searching. This is 
comparable to the molecular weight of the H. influenzae P5 protein which is reported to be 
heat modifiable so its molecular weight is reported as a range of 27 to 35 kDa (12). 
Isoelectric focusing produced a pi of 5.5 for the native protein. This is much lower than the 
Expasy Molecular Biology Server predicted pi for the H. influenzae P5 protein (9.5) but it 
does explain why the protein required 150 mM of NaCl to elute from the anion exchange 
column. Immunoblotting with the protein and the monoclonal anti-P5 antibody also resulted 
in the identification of a single band of 32 kDa. 
A recent report by Oliveira and Pijoan (31) identified the existence of a group of 
major proteins unique to virulent H. parasuis isolates. The authors compared the whole-cell 
protein profiles of H. parasuis field isolates and, by using a computer-based analysis, they 
were able to generate dendogram clustering of similar protein profiles. A unique group of 
major proteins with molecular weights between 36 to 38 kDa were found in 90.7% of 
virulent isolates. The P5 protein purified and characterized here, could represent one of these 
major proteins. 
Also, since the H. influenzae P5 protein is known to bind CEA (14, 41), an 
immunoblot method was developed here to assess the ability of the outer membrane proteins 
to bind CEA. The outer membrane preparations from H. influenzae served as controls for 
this assay and reactivity was observed to the P5 and P2 outer membrane proteins. However, 
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no reactivity was observed to the H. parasuis P5 protein from the type strains or the purified 
P5 protein. Perhaps antigenic variability is responsible for the lack of binding observed here. 
The P5 protein is known to be highly variable in H. influenzae and the CEA antigen used 
here was human source. Since H. influenzae affects human hosts, perhaps this makes it 
specific for human CEA. It would be interesting to isolate CEA from pig lymphocytes and 
substitute it in the assay to see if the H. parasuis P5 would bind. Reactivity was observed 
between the H. parasuis P2 protein and CEA. In fact, the H. parasuis P2 reactivity varied 
between the virulent and avirulent serovars suggesting that it could potentially be used in 
discriminating between virulent and avirulent strains of H. parasuis. 
These data confirm and further characterize the presence of a P5 protein in H. 
parasuis. The difference in apparent molecular weight of the P2 protein and its ability to 
bind CEA certainly warrants additional studies. Additional studies should also be planned to 
examine whether or not porcine CEA binds to the H. parasuis P5 and P2 proteins. 
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Figure 3.1. Composite SDS-PAGE gel illustrating the purity of fractions after the varied 
purification steps. Lanes: 1, whole cell sonicate supernatant (H. parasuis IA84-29755); 2, 
post anion exchange chromatography; 3 & 4, post Sephacryl-100 HR chromatography; 5, 
post PAGE gel extraction; 6, molecular weight standard. Samples were separated with a 4-
12% SDS-PAGE gel and stained with Coomassie R-250 as described in the text. Molecular 
weights are indicated in kilodaltons. 
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Figure 3.2. SDS-PAGE gel illustrating the purity the P5 protein after extraction from the 
SDS-PAGE gel. Lanes: 1, molecular weight standard; 2, H. influenzae strain dl (P5 
positive); 3, H. influenzae strain d4 (P5 negative); Extracted P5 protein from H. parasuis 
IA84-29755. Samples were separated with a 4-12% SDS-PAGE gel and stained with 
Coomassie R-250 as described in the text. Molecular weights are indicated in kilodaltons. 
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Figure 3.3. IEF gel illustrating the pi of the P5 protein after extraction from the SDS-PAGE 
gel. Lanes: 1 & 2, IEF standard; 3, Extracted P5 protein from H. parasuis IA84-29755. 
Samples were separated with a pH 3-10 IEF gel and stained with Coomassie R-250 as 
described in the text. Numbers in the margin are pi values. 
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Figure 3.4. Anti-P5 (4BF8) immunoblot of H. influenzae strains dl and d4 and the P5 
protein after extraction. Samples were separated with a 4-12% SDS-PAGE gel, blotted to 
PVDF, and probed with anti-P5 monoclonal antibody (4BF8) as described in the text. 
Molecular weights are indicated in kilodaltons. 
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Figure 3.5. Anion exchange chromatography. H parasuis (IA84-29755) whole cell sonicate 
supernatant was loaded onto the QMA anion exchange column, equilibrated with 25 mM 
TAPS, 10 mM NaCl, 0.05% CHAPS, pH 8.5. Bound proteins were eluted with a gradient 
elution to 12.5 mM TAPS, 400 mM NaCl, 0.05% CHAPS, pH 8.5. The P2 protein was 
found in peak 1, while the P5 protein eluted in peak 3. The run was monitored at 280 nm. 
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Figure 3.6. Size-exclusion chromatography. Pooled fractions from the anion exchange 
chromatography run were loaded onto a Sephacryl 100-HR column, equilibrated with 0.2 M 
Tris, 0.3 M NaCl, 0.1% sodium azide, pH 7.4. The P5 protein was found in peak 2. The run 
was monitored at 280 nm. 
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Figure 3.7. CEA immunoblot of H. influenzae strains dl and d4 and all 15 H. parasuis 
reference strains (SV1-SV15) focusing on the 47.4 to 60.7 kDa molecular weight range. 
Whole cell proteins were separated with a 4-12% SDS-PAGE gel, blotted to PVDF, and 
probed with human CEA, goat anti-CEA antibody, and peroxidase labeled mouse anti-goat 
IgG as described in the text. Molecular weights are indicated in kilodaltons. 
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Figure 3.8. CEA immunoblot of H. influenzae strains dl and d4 and the purified P5 protein. 
Proteins were separated with a 4-12% SDS-PAGE gel, blotted to PVDF, and probed with 
human CEA, goat anti-CEA antibody, and peroxidase labeled mouse anti-goat IgG as 
described in the text. Molecular weights are indicated in kilodaltons. 
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CHAPTER 4. GENERAL CONCLUSIONS 
4.1 General Discussion 
The present study identified two colonization/virulence proteins (P2 and P5) in H. 
parasuis and found that the molecular weight of the P2 protein varied in virulent and 
avirulent reference strains. In addition, the P5 protein was purified and characterized by 
SDS-PAGE, N-terminal sequencing, IEF and MALDI-TOF. And finally, an immunoblot 
method was developed to determine the interaction of the P2 and P5 proteins with 
carcinoembryonic antigen (CEA). 
Chapter 2 describes the identification of both P2 and P5 proteins. The P5 protein was 
initially sought after using the polymerase chain reaction technique (PGR). Several attempts 
were made using this method with little success. The difficulty may be due to the 
hypervariability in the P5 protein. This hypervariability has been well documented (Hardy et 
al., 2003; Tagawa et al., 2000; Roggen et al., 1992; Zucker et al., 1996; Duim et al., 1994; 
Duim et al., 1996) and is likely one method that the organism uses to evade immune 
recognition. Using primers described by O'Rourke et al. (1995), the subsequent PGR 
product was identified as an aspartokinase rather than the sought after P5 protein. 
Ultimately, a report by Duim et al. (1997) was used to design primers that represented 
portions of the P5 nucleic acid sequence that appeared to be constant among numerous H. 
influenzae isolates. Three such primers were designed. One forward primer representing the 
N-terminus end of the protein (P.5.1), and two reverse primers representing the middle 
(P.S.lr) and carboxy terminus regions (P.5.2r). A singular PGR product was observed with 
the P.S.lr primer while a number of PGR products were observed with the full-length P.5.2r 
reverse primer. The multiple products observed with the P.5.2r reverse primer were 
presumed to be false priming sites caused by binding to a portion of the chromosome other 
than the target site. Therefore, I concentrated on using the P.5.1 and P.5.1r primers 
throughout the rest of the testing even though the PCR product did not represent the entire P5 
sequence (see Chapter 2, Figure 1). 
The singular PCR product obtained with H. parasuis isolate IA84-29755 (serotype 5) 
was approximately 550 bp. This is roughly 100 bp smaller than the 674 bp predicted by the 
H. influenzae P5 sequence (Munson et al., 1993). Using the same primers and H. influenzae 
DNA, the PCR product was as expected (650 bp). This difference in size between the H. 
parasuis and H. influenzae PCR products makes one wonder if the primers are identifying 
the same gene. The fact that only one PCR product was found was no reason to assume 
identity. However, a single PCR product is unusual if the gene does not exist. Sequencing of 
the PCR products would enable us to determine if they were homologous. 
In order to sequence the entire PCR product, it was transformed into a pBAD TOPO 
TA expression vector. This expression vector allowed for direct insertion of the Taq 
polymerase-amplified PCR products into a plasmid vector (pBAD). The pBAD expression 
vector was chosen for two reasons; 1.) the transformed plasmid could easily be recovered for 
sequencing, and 2.) it could be used to produce recombinant P5 protein when grown in the 
presence of arabinose. Both the H. parasuis and H. influenzae PCR products were 
transformed into separate competent E. coli. Selecting positives clones was accomplished by 
isolating the plasmids of individual colonies and having them sequenced. This turned out to 
be very time-consuming as the majority of the transformants were found to have inserted the 
PCR product in the wrong orientation. However, positive transformants in the correct 
94 
orientation were isolated and sequenced. Homology searches with the sequences using the 
BLASTN server found identity homology to H. influenzae P5 (accession U32796). The 
identity homology of the H. influenzae PCR product was 83% throughout the entire 
sequence. However, the identity homology with the H. parasuis PCR product was found 
only at the 3' end. Very little homology was observed at the 5' end. This could explain the 
difference in the apparent bp size of the PCR products. 
Recombinant proteins were expressed with the H. parasuis and H. influenzae 
transformants and identified by immunoblotting with a monoclonal antibody to an epitope 
added to the recombinant protein by the pBAD vector (V5 region). A single 28 kDa band 
was detected from the H. influenzae transformant. This was the exact size predicted by the 
translating tool from the ExPasy server. The anti-V5 immunoblot of the H. parasuis 
transformant revealed two protein bands, one at 19 kDa and another at 14 kDa. The 14 kDa 
protein could be a breakdown product of the 19 kDa band as the result of the denaturing 
conditions of the immunoblot. It is also possible that the PCR product has a start codon 
interior to the pBAD start codon and this produced a protein of 14 kDa. The fact that the 
recombinant protein of the H. parasuis transformant was a lower molecular weight than the 
H. influenzae recombinant protein seems logical since the PCR product was smaller. 
In order to assess whether or not P5 could be found in all of the 15 different H. 
parasuis serotypes, an immunoblot method was developed with a H. influenzae anti-P5 
monoclonal antibody (4BF8) obtained from Muriel van Schilfgaarde (Netherlands Vaccine 
Institute). The type strains were obtained from the College of Veterinary Medicine of Iowa 
State University and a summary of their country of origin, isolation site, and virulence can be 
found in Table 1, Chapter 2. Reactivity with the monoclonal antibody was observed with all 
of the serotypes. In fact, the antibody appeared to cross-react with a large number of proteins 
(Figure 4, Chapter 2). In the midst of all the cross-reactivity, and interesting pattern was 
observed. All of the virulent isolates, except SV4, displayed a 48 kDa band. Likewise, all 
avirulent isolates, except SV7, displayed a 55 kDa band. Additional blots were run and 
subsequent N-terminal protein sequencing of the 48 and 55 kDa bands from SV2 and SV3 
revealed that the bands were not due to P5 reactivity, but rather the anti-P5 monoclonal 
antibody was recognizing P2. This was a very interesting observation. 
So the search to identify a P5 colonization protein in H. parasuis resulted in the 
identification of both P5 and P2 proteins. The fact that the P5 protein was found in all 
isolates, virulent and avirulent, was not entirely unexpected as it seems to exist in all H. 
influenzae strains (Hardy et al., 2003). However, even though it exists in all H. influenzae 
strains, its nucleic acid, and therefore its amino acid sequence is hypervariable (Duim et al., 
1997). This hypervariability is believed to be the reason that some H. influenzae strains are 
more virulent than others and could likely be the reason that it is often reported to be of 
different molecular weight. Does this mean that the P5 protein identified here is less variable 
than the H. influenzae P5 protein as it appears to be the same molecular weight in all 
isolates? And if it is less variable is it less important in colonization? If the P5 protein is 
indeed helpful to the initial colonization of H. parasuis, it's identification at exactly the same 
molecular weight in both virulent and avirulent isolates is unexpected. In other words, if the 
proteins were variable, as in H. influenzae, the amino acids would be different and thus one 
would expect the molecular weights to vary as well. Unless, of course, the variability is due 
to just a few amino acids. A comparison of the P5 DNA sequences of multiple H. parasuis 
isolates would help answer this question, in addition to IEF characterizations of the P5 
proteins from multiple strains. 
The differences observed in the molecular weights of the H. parasuis P2 proteins 
between the reference strains is what would be expected of a protein that plays a role in 
virulence and/or colonization. These variations in molecular weight are due to the variability 
of the amino acids that comprise the protein and likely play a role in the proteins function. 
These changes in amino acid sequence likely result in subtle differences that affect the 
protein structure subsequently preventing the recognition of these proteins by previously 
generated host antibodies. A number of outer membrane proteins from members of the 
Haemophilus genus have been identified as such, including proteins from; H. influenzae, H. 
somnus, H. ducreyi and H. parasuis (Hardy et al., 2003; Tagawa et al., 2000; Roggen et al., 
1992; Zucker et al., 1996). In fact, the P2 protein has been shown to be highly variable in 
both size and amino acid sequence by a number of researchers (Bell et al., 1994; Sikkema 
and Murphy, 1992; Forbes et al., 1992). In addition, variation in P2 sequence occurs within a 
clonal population during the course of infection and at a very high frequency (Duim et al., 
1994). The changes are linked to the surfaced-exposed loops of the porin protein and are 
primarily found in loops 5 and 6. These loops appear at the carboxy terminal end of the 
protein and the changes have been shown to render the original host antibodies ineffective 
(Duim et al., 1996). 
While the identification of the P5 and P2 proteins was accomplished with both 
molecular and protein based techniques in Chapter 2, it was decided to purify and 
characterize the native P5 protein by traditional protein chemistry methods. Chapter 3 
describes the purification and characterization of the P5 protein from H. parasuis isolate 
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IA84-29755 (serotype 5). The P5 protein was purified by using sonication, anion-exchange 
chromatography, size-exclusion chromatography, and polyacrylamide gel extraction 
sequentially. Similar methods were used to purify the H. influenzae P2 and P5 proteins 
except that detergent solubility was also employed (Munson and Granoff, 1985; Murphy and 
Bartos, 1988). For instance, Munson and Granoff (1985) found that P5 was insoluble in 
octylglucoside-NaCl and could be extracted with 1% SDS at pH 7.5 prior to chromatographic 
separation. Murphy and Bartos (1988) used Zwittergent 3-14 to extract P2 from ethanol 
precipitated outer membrane proteins. The detergent extraction was not used here because 
the use of such detergents tends to co-purify polysaccharides and lipopolysaccharides 
(McVicker and Tabatabai, 2002). Instead, whole cell sonicated supernatant was applied to an 
anion exchange chromatography matrix (QMA). The P2 protein was observed in the 
unbound fraction while the P5 bound to the matrix and was eluted with a gradient of NaCl. 
The P5 protein was eluted with approximately 150 mM NaCl and further purified with a size 
exclusion matrix (Sephacryl 100-HR). Unfortunately, these methods did not result in the 
isolation of a pure P5 protein. Instead, the P5 protein was repeatedly co-purified with a 60 
kDa protein identified by N-terminal sequencing as an immunoglobulin heavy chain variable 
region. Numerous attempts were made to separate the two proteins with the size exclusion 
matrix using different equilibration buffers. One such attempt included the use of a low pH 
glycine buffer with 0.5 M NaCl in an effort to disassociate any ionic or hydrogen bonding 
attraction between the proteins. Not only was this attempt unsuccessful, but the proteins 
apparently bound to the matrix as they would not elute from it under these conditions. 
Isolation of the pure P5 protein was ultimately achieved by excising the 32 kDa band from 
SDS-PAGE gels end extracting with ultrafiltration techniques. 
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Once the P5 protein was purified, it was characterized by SDS-PAGE, IEF, N-
terminal sequencing, MALDI-TOF, and immunoblotting. The molecular weight of the 
purified P5 protein was confirmed as 32 kDa and the N-terminal sequence also confirmed 
that it was P5. Isoelectric focusing found that it had a pi of 5.5. Immunoblotting with the 
monoclonal anti-P5 antibody resulted in the identification of a single band of 32 kDa while 
no reactivity was observed with the CEA immunoblot. 
Comparison of the P5 protein characterized here with the H. influenzae P5 protein 
reveals that the proteins are very similar except in their pi values. The theoretical pi value 
for the H. influenzae protein is 9.5 using accession number U32796 and the ExPasy 
Molecular Biology Server. This pi value is consistent with other outer membrane proteins. 
The pi value of the H. parasuis P5 protein is much lower (5.5) indicating that the protein 
consists of more acidic amino acids than the H. influenzae protein. Whether these acidic 
amino acids are important to the proteins' function would be an interesting continuation of 
the project. 
The molecular weight of the H. parasuis P5 protein is certainly within the 27 to 35 
kDa range reported for the H. influenzae P5 protein (Hardy et. Al, 2003). However, the P2 
protein found in the H. parasuis reference strains is higher in both the virulent and avirulent 
strains. For instance, the molecular weight of the P2 protein in the virulent reference strains 
was found to be 48 kDa. The molecular weight of the avirulent strains was found to be 55 
kDa. In H. influenzae, the P2 protein has been reported to be between 36 and 42 kDa. So the 
P2 protein in the virulent strains is closer in size to the reported H. influenzae P2 protein. 
Why the molecular weight of the P2 protein is different between the virulent and avirulent 
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reference strains is very interesting. Perhaps this could used in the future as a means of 
screening for virulence. 
A recent report by Oliveira and Pijoan (2004) identified the existence of a group of 
major proteins unique to virulent H. parasuis isolates. The authors compared the whole-cell 
protein profiles of H. parasuis field isolates and, by using a computer-based analysis, they 
were able to generate dendogram clustering of similar protein profiles. A unique group of 
major proteins with molecular weights between 36 to 38 kDa were found in 90.7% of 
virulent isolates. The P5 protein purified and characterized here, could represent one of these 
major proteins. 
Further characterization of the H. parasuis P5 protein was accomplished by 
developing a CEA immunoblot method for determining the its interaction with CEA. Since 
the H. influenzae P5 protein is known to bind CEA, outer membrane preparations from a P5 
positive and a P5 negative strain were used to develop this method. Although two methods 
had already been described for accessing CEA binding, they were bacterial adherence assays 
that used PS negative H. influenzae constructs as negative controls (Virji et al., 2000; Hill et 
al., 2001). Such negative constructs have yet to be prepared with H. parasuis making it 
impossible at this time to adapt these methods to H. parasuis. Also, these methods are very 
time-consuming and inefficient for large scale screening. 
Therefore, an immunoblot method was developed that used human CEA and a 
polyclonal anti-CEA antibody to build a sandwich assay. First, outer membrane proteins are 
separated using a gradient SDS-PAGE electrophoresis gel and blotted to a PVDF membrane. 
The separated proteins are then incubated with the human CEA antigen and any proteins with 
an affinity for the CEA bind the protein. Next, a goat polyclonal antibody to CEA is added 
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which binds to the CEA already bound by the outer membrane proteins. The addition of a 
peroxidase-labeled anti-goat IgG completes the sandwich by binding to any sites identified 
by the goat polyclonal antibody. Finally, visualization is accomplished with a peroxidase 
substrate. This method is much more efficient for screening large numbers of isolates than 
the bacterial adherence assays previously described. 
Using the CEA immunoblot, no binding was observed with the purified P5 protein, or 
with P5 in the reference strains. Perhaps antigenic variability is responsible for the lack of 
binding observed here. The P5 protein is known to be highly variable in H. influenzae and 
the CEA antigen used here was human source. Since H. influenzae affects human hosts, 
perhaps this makes it specific for human CEA. It would be interesting to isolate CEA from 
pig lymphocytes and substitute it in the assay to see if the H. parasuis P5 would bind. 
Reactivity was observed between the H. parasuis P2 protein and CEA. In fact, the H. 
parasuis P2 reactivity varied between the virulent and avirulent serovars suggesting that it 
could potentially be used in discriminating between virulent and avirulent strains of H. 
parasuis. 
These data confirm the presence of P5 and P2 proteins in H, parasuis, as well as 
characterize the P5 protein. The difference in apparent molecular weight of the P2 protein in 
virulent and avirulent type strains, in addition to its ability to bind CEA, certainly warrants 
additional studies. This report is important as it is one of the first to identify and characterize 
two colonization/virulence proteins in Haemophilus parasuis. It is also unique as it 
borrowed information from another member of its Haemophilus genus {Haemophilus 
influenzae) to aid in this identification and characterization. With such a limited amount of 
information available for H. parasuis researchers, it is imperative to use any and all 
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information available to further the understanding of this important and re-emerging 
pathogen. Toward that end, this report also serves as a reminder that we as researchers must 
not become so focused on our work that we lose sight of the big picture and all that we can 
gain from researchers outside of our area. 
4.2 General conclusions 
Considering the conditions in which the experiments reported in the present thesis are 
performed, the following can be concluded: 
1. The development of a PCR test for the identification of the P5 gene in Haemophilus 
parasuis isolates. 
2. Both P2 and P5 proteins were identified in virulent and avirulent reference strains of 
Haemophilus parasuis. 
3. The P2 protein is present as a 48 kDa protein in all virulent Haemophilus parasuis 
reference strains, except serovar 4. 
4. The P2 protein is present as a 55 kDa protein in all avirulent Haemophilus parasuis 
reference strains, except serovar 7. 
5. The P5 protein is present as a 32 kDa protein in all Haemophilus parasuis reference 
strains. 
6. The P5 protein can be purified using a sequential combination of anion exchange 
chromatography, size exclusion chromatography, and SDS-PAGE gel extraction. 
7. The P5 protein has a pi of 5.5. 
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8. The P5 protein does not bind to human CEA in an immunoblot method while the P2 
protein does bind to human CEA. 
4.3 Recommendations for future research 
Considering the conclusions of the present thesis, a number of additional points need 
to be addressed in subsequent research: 
1. Chromatographic purification of the P2 and P5 proteins from both virulent and 
avirulent Haemophilus parasuis strains would be a great benefit to this research. 
While the extraction method described here is useful to characterize the proteins, it is 
not practical for obtaining quantities useful for further experimentation. 
2. A CEA immunoblot using porcine CEA rather than human source antigen could 
greatly increase the understanding of the interaction. 
3. Once the P2 and P5 proteins were purified, their role as potential vaccine antigens 
could be evaluated. This could help define whether or not these proteins could confer 
protection that is free of the serotype-associated or strain-associated protection 
observed currently. 
4. Also, a complete sequence of the P2 and P5 proteins would be beneficial. This 
information could be used to design subunit vaccines like those being designed for 
Haemophilus influenzae. 
5. The development of an immunoblot that included an isoelectric focusing method 
rather than SDS-PAGE could be developed to help characterize any differences in the 
P2 or P5 proteins from different isolates. 
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6. The role of these proteins in the immune response to Haemophilus parasuis also 
needs further characterization. 
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